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ABSTRACT

This work is an experimental study of applying an impedance-based health monitoring

technique to complex structures. The work is presented in three parts.

In the first part we consider effects of the following three factors on damage detection

abilities: actuator excitation level, test wire length and ambient conditions (temperature,

structural loading and vibration). It was concluded that increasing the applied voltage

improves the signal to noise ratio and damage detection abilities. Test wire lengths under
30m do not affect damage detection abilities. The technique is able to distinguish and
detect damage even with variations in temperature, structural loading and vibration.

In the second part we apply our health monitoring technique to a complex truss structure
and a massive steel steam header. We discovered that with multiplexing (acquiring a
single signal from distributed actuators) the actuators on the truss structure we could
detect damage but with less location information. Damage detection on the steel pipe
ended in inconclusive results. The use of this technique on massive structures needs

further investigation.

Finally, we conducted a detailed experimental study of monitoring the integrity of
composite-reinforced masonry structures. We developed a software package which
enables even a casual user to determine if significant damage has occurred in these

structures. The technique was successfully applied to detect damage (particularly due to



delamination) in these composite-concrete structures. Most significantly, the technique

was also able to detect damage well in advance of actual failure.

This work relies mainly on frequency response plots and damage metric charts to present
the data and to arrive at any conclusions. While frequency response plots give a

gualitative approach to the analysis, damage metric charts attempt to quantify the data.



ACKNOWLEDGEMENTS

| express my sincere gratitude to Dr. Harley Cudney for all the help he has extended to
me, both as my advisor and friend. For your guidance and time, for your faith and
confidence in me, | thank you. | deeply appreciate and cherish all the times we have spent

talking about so many things, academic and otherwise.

| thank Dr. Frederic Lalande for the time and effort he spent in teaching and guiding me
through the first stage of my master’'s program. | express my gratitude to Dr. John C.

Duke and Dr. William R. Saunders for their interest and support during my research.

| thank my sponsors, Army Research Office (ARO) and Electric Power Research Institute
(EPRI) in a matching program with National Science Foundation (NSF) for funding this
project and showing their interest in the ongoing research at CIMSS. | thank Dr. Cudney
for giving me the opportunity to work on the CERL project. To the people at CERL,

Jason, Justin and Dr. Bob Quattrone, it was a great experience to work with all of you.

To the people at CIMSS who made my time at Virginia Tech. a memorable one, thank
you for all the moments we shared. To Beth, thank you for your constant support and
kindness. To Elizabeth and Dan, thank you for your advice and friendship and to

everyone else, thank you for enduring me through the trying times!

| thank my friends, Chet, Mihir, Mudit and Nikhil, without all of whom, things would

have been very different!

I thank my parents and sister for their unconditional love and support. For always
respecting my decisions and sharing my failures and success with equal eagerness, |
thank you. Finally, | thank my friend Bridget, for her unending love, patience and
sincerity. For all the times you stood by me through my moments of distress, | thank you.



TABLE OF CONTENTS

AB S T R A T it e e e ii
ACKNOWLEDGEMENTS . .. .t e e e e e e iv
TABLE OF CONTENT S ...ttt e e e e e et et e e e %
LIST OF FIGURES ... ...ttt et e e e e e e et e X
LIST OF TABLES. ... i e e XV
CHAPTER 1: INTRODUCTION. ... ottt e e e e e e 1
1.1 BACKGROUND. .. ..ottt et et e e e et e e e e e e 1
1.2 PRINCIPLES OF THE IMPEDANCE-BASED HEALTH MONITORING
TECHNIQUE. .. ..ottt e e e e e e e e e e 4
1.3 ELECTROMECHANICAL PRINCIPLES.......ciii e
1.4 RELATED PREVIOUS WORK. ... .ttt e e
1.5 CONTRIBUTION AND GOALS OF THISWORK ..ottt 9
1.6 PARAMETERS IN THE IMPEDANCE BASED HEALTH MONITORING
TECHNIQUE. .. .. e e e e e e e e e e e 12
1.6.1 LOCALIZATION OF SENSING AREA. .. ..ot aen
1.6.2 FREQUENCY RANGE ... ... ittt e e e e e e e e e e
1.7 FREQUENCY RESPONSE CHARTS ..ot e 13
1.8 DAMAGE METRIC CHARTS. ..ot e e 15
1.9 CONFIGURATION FOR DATA ACQUISITION. ..o, 17
CHAPTER 2: EFFECTS OF VOLTAGE ON DAMAGE DETECTION.........ccccevvneeen. 21
2.1 INTRODUCTION. .. et et e e e e e e e 21
2.2 EXPERIMENTAL SET-UP ... e e e e e e 21
2.3 RESULTS AND ANALY SIS, .. ittt e e et e e e 23
2.3.1 OBSERVATION 1: LOW VOLTAGE EFFECTS......ccoiii e,

2.3.2 OBSERVATION 2: ABILITY TO DETERMINE DAMAGE WITH VARYING
VOLTAGES (WITH CONNECTING BOLTS TIGHT)



2.3.3 OBSERVATION 3: ABILITY TO DETERMINE DAMAGE WITH VARYING

VOLTAGES (WITH CONNECTING BOLTS LOOSE) ...c.uviiiiiiiiiie e
2.3.4 OBSERVATION 4: DAMPING EFFECTS......oiiiii i e e
2.3.5 OBSERVATION 5: ABILITY TO DETERMINE DAMAGE WITH VARYING

VOLTAGES AND CHANGE IN DAMPING... ...t e
2.4 SUMMARY L.t e e e e 30

CHAPTER 3: EFFECT OF TEST WIRE LENGTH ON DAMAGE DETECTION......... 32

3.1 INTRODUCTION. ..ttt et e e et e e e e e e e ees 32

3.2 EXPERIMENTAL SET-UP. Lo e e e e 33

3.3 RESULTS AND ANALY SIS . ..o it e e 34
3.3.1 OBSERVATION 1: EFFECTS OF TEST WIRE LENGTH ON FREQUENCY
RESPONSE (R VS. FREQUENCY) ..ttt ittt et et e e et et ee e e e e
3.3.2 OBSERVATION 2: EFFECTS OF TEST WIRE LENGTH ON FREQUENCY

RESPONSE (X VS. FREQUENCY) ...ttt et e e et et e e e e
3.3.3 OBSERVATION 3: DAMAGE METRICS FOR INCREASING TEST WIRE

LEN G T H S . e e e e e
B4 SUMMARY ..ot e e e e e e e 42

CHAPTER 4: DAMAGE DETECTION USING DISTRIBUTED SENSORS................ 44

4.1 INTRODUCTION. ..ttt ettt et e et e e et e e e e e e aen s 44
4.2 EXPERIMENTAL SET-UP ...ttt e e e e et e e e e 45

4.3 RESULTS AND ANALYSIS. ...t e 48
4.3.1 OBSERVATION 1: FREQUENCY RESPONSE FOR MULTIPLEXED PZT'S........

4.3.2 OBSERVATION 2: FREQUENCY RESPONSE FOR PZT 1......coviiiiiiiiiiiiie e,
4.3.3 OBSERVATION 3: DAMAGE METRIC CHARTS. ...ttt e e
4.3.4 OBSERVATION 4: MATHEMATICAL AVERAGING VERSUS MULTIPLEXING...

4.4 SUMMARY Lo 57

CHAPTER 5: EFFECTS OF BOUNDARY CONDITIONS AND AMBIENCE ON

HEALTH MONITORING ...ttt et e e e e e aen s 59
5.1 INTRODUGCTION. ..ottt et e et e et e e e e e e e e enes 59
5.2 EXPERIMENTAL SET-UP ... e e e e e e 60
5.3 RESULTS AND ANALY SIS ... o i e e e e e e e 64
5.3.1 OBSERVATION 1: VARIATION OF IMPEDANCE SIGNATURES ON A GIVEN
DAY L

vi

49
50
52
56



5.3.2 OBSERVATION 2: COMPARISON OF EXTENT OF DAMAGE USING DAMAGE

ME T RIC CHA R T S .o e e e e et et e e e et e e eneaes 67
5.3.3 OBSERVATION 3: FREQUENCY RESPONSE PLOTS SHOWING VARIATION

WITH TIME . . e e e e 72
5.3.4 OBSERVATION 4: DAMAGE METRIC CHART FOR VARIATION WITH TIME... 75

5.4 SUMMARY ... ottt e e e 77

CHAPTER 6: DAMAGE DETECTION ON A MASSIVE STEEL HEADER............... 80

6.1 INTRODUCTION. ...ttt et e e e e e e e e e e 80
6.2 EXPERIMENTAL SET-UP....coiii e e e e 80
6.3 RESULTS AND ANALY SIS, ..ot e e 83

6.3.1 OBSERVATION 1: FREQUENCY RESPONSE PLOTS FOR PZT 1........cccovvvneen. 84
6.3.2 OBSERVATION 2: FREQUENCY RESPONSE PLOTS FOR PZT 2..........ccccvene .. 87
6.3.3 OBSERVATION 3: DAMAGE METRIC CHARTS FORPZT 1 AND 2.................. 89
6.3.4 OBSERVATION 4: COMPARISON OF METRIC CHARTS FOR PZT 1 AND 2...... 91

6.4 SUMM A RY ...t e e e e 92

CHAPTER 7: REINFORCED STRUCTURE INTEGRITY MONITORING................ 94

T.LOVERVIEW. ..o e e e e e e 94
7.2 OVERVIEW OF IMPEDANCE BASED QUALITATIVE HEALTH MONITORING.. 98

7.2.1 BACKGROUND. ..ottt et e e e e e e e e e e e e 98
7.2.2 THE ELECTRICAL IMPEDANCE APPROACH TO DAMAGE IDENTIFICATION 100
7.2.3 ADVANTAGES OF THE IMPEDANCE BASED HEALTH MONITORING

TECHNIQUE . ... e e e e e et e e e e e e 100

7.3 PROOF-OF-CONCEPT DEMONSTRATION.....uuitiiiii i e e 102

7.3. 1 EXPERIMENTAL SETUP ...ttt e e e e e e e 102
7.3.2 AN ALY SIS . e e e e 104
7.3.3 OBSERVATIONS . ... oottt et et e et et e e e e e e e e e 112

7.4 DEMONSTRATION AND ANALYSIS OF COMPOSITE REINFORCED WALLS
UNDER LOADING. ... .ttt st e e et e e e e et e e neaas 113

7.4.1 EXPERIMENTAL SET-UP. .ot e e e 113
7.4.2 PZT PATCH CONFIGURATION.. ..« et ettt e st e e e 114
7.4.3 LOADING CONFIGURATION. .. ..ttt it e et et e e 117

T W AL .o e e e 119

7.5, 1 ANALY SIS e e 123
7.0, L L P Lo e e e 123

vii



5. 2 P 2. e e e 125
5. . 3 P T Dt e e e 126
A TR R A I T 127
A8 T R T A 128
7.5.2 OBSERVATIONS. ...ttt eeeeee et ecen e ee e et e ee e et 129
T8 WALL 2. oo, 134
7281 ANALYSIS .. oo oo e, 138
0 T 0 O 4 I 138
00,02 P Bt e e e e e e e e 139
S TR G B A 1 140
A TR T A 141
08,00 P Bttt e e e e e e 142
7.6.2 OBSERVATIONS ... ..ot teeeee oot eseee e e ettt oot 143
TTWALL 3o oo, 146
T 7L ANALYSIS .. oo, 149
R 8 00 0 A I 149
0 O = A T T 150
0. L 3 PZT Ao e e e e e e 150
0 O B A N 151
.. P L. e e e e e 152
7.7.2 OBSERVATIONS ... ... et oot teeeee e eemeee e e ee et e e et et 153
T BWALL 4o oo et e, 156
7.8 L ANALYSIS. .. o ettt e, 160
< 700 00 = N 160
T.8.L.2 PZT Ao e e e e e 161
8. L. 3 P Bttt e e e e e e e 163
A TR O A 164
= TR TR Y0 A I T 165
7.8.2 OBSERVATIONS ... ... vt eeeteeeee ot eesee e e ee et et e e ettt 166
7.9 CONCLUSIONS AND RECOMMENDATION...... v et toeeeee e, 168
CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS ... ...veeoveeireieaeeeeeen, 172
REFERENCES . ... e et ettt ettt e, 178

viii



APPENDIX A: REINFORCED STRUCTURE INTEGRITY MONITORING (RSIM)

USER’S MANUAL

A.1 INTRODUCTION
A.2 HARDWARE AND SOFTWARE REQUIREMENTS
A.3 FILE STRUCTURE
A.4 GENERAL DESCRIPTION OF FILES: PZT-1 THROUGH 5
A.4.1'SETTINGS' SHEET
A.4.2 ‘COPY1’ SHEET
A.4.3 ‘Data(A)’ SHEET
A.4.4 ‘Data(B)’ SHEET
A.4.5 ‘Metric-FUNC’ SHEET
A.4.6 ‘A Vs. Freq. SHEET
A.4.7 ‘B Vs. Freq.’ SHEET
A.4.8 ‘Metric-ASD’ SHEET

A.4.9 ‘Metric-CORR’ SHEET

A.5 GENERAL DESCRIPTION OF FILE: PZT-ALL

A.5.1 ‘PZT-Program’ SHEET

A.5.2 ‘CERL’ SHEET
A.5.3 ‘COMBINE’ SHEET
A.5.4'CLEAR’ SHEET
A.5.5 ‘SET-ALL’ SHEET
A.5.6 ‘Data-Copy’ SHEET
A.5.7 ‘ALL-CORR’ SHEET
A.5.8 ‘ALL-ASD’ SHEET
A.6 STEP-BY-STEP INSTRUCTIONS FOR THE RSIM SOFTWARE

|APPENDIX B:

‘PZT' PROGRAM

[APPENDIX C:

‘CERL’ PROGRAM

APPENDIX D:

‘COMBINE’ PROGRAM

APPENDIX E:

‘CLEARPZT PROGRAM

APPENDIX F:

‘CLEARALL’ PROGRAM




1.1
1.2a

1.2b

2.1

2.2

2.3

2.4

2.5

2.6

3.1
3.2

3.3

LIST OF FIGURES

1-D model used to represent a PZT-driven dynamic structural system... 6
General configuration of test set-up and instrumentation using the HP
4194A impedance analyzer......... oo 18
General configuration of test set-up and instrumentation using the HP
4192A impedance analyzZer.........ccoviiiiiiie 19
Experimental set-up to determine effect of voltage change on damage
JEEECHION . .. e e e e 22

‘R vs. Frequency' chart; the two connecting bolts are tight with the
screw in place,at 0.0l Vandat1.0V......cocoviiiiii i, 24
Damage Metric chart; connecting bolts are tight, baseline readings are
taken with screw and compared to the case when screw is removed..... 25
Damage Metric; connecting bolts are loose, baseline readings are taken
with screw and compared to the case when screw is removed............ 27
‘R vs. Frequency’ chart; voltage is constant, screw is in place. Two
readings are taken, one with the connecting bolts tight, and then with
themM [00SE... ... 28
Damage Metric chart; comparison between the case when screw is
removed and connecting bolts are tight, and, screw removed and
connecting bolts are [00Se.............cooi it 29
Experimental set-up to determine effect of test wire length............... 34
‘R vs. Frequency’ chart; variation of the curves with increasing wire
length, all readings shown are taken with undamaged structure (both
SCIEWS IN PIACE) ... ...t e e e 36

‘X vs. Frequency’ chart; variation of the curves with increasing wire
length, all readings shown are taken with undamaged structure (both
SCIEWS IN PIACE)... ..t 37



3.4

3.5

3.6

4.1
4.2
4.3

4.4

4.5
4.6
4.7

4.8

4.9

51

52a
52b
52c
5.2d

Damage metric chart based on ‘R vs. Frequency’. Metrics for damage
1 (when screw #1 is removed) and damage 2 (when screw # 1 and #2
Are rEMOVEM) . ..ottt e e e e e e e e e 39
Damage metric chart based on ‘X vs. Frequency’. Metrics for damage
1 (when screw #1 is removed) and damage 2 (when screw #1 and #2
Are FEMOVEA) ... ottt e e e e e e 40

Line plot for damage metric values versus test wire length, variations

of ‘R’ and X’ functions with damage 1 and damage 2..................... 41
Photographs (2 angles) of the aluminum truss................ccccovvenn. 46
Close-up photograph of the PZT bonded onto the Derlin ball............. 47

‘Cs vs. Frequency’ chart; all 4 PZT's multiplexed, variation of the
signature pattern with increasing damage is shown......................... 49
‘Rs vs. Frequency' chart; all 4 PZT's multiplexed, variation of the
signature pattern with increasing damage is shown......................... 50
‘Cs vs. Frequency’ chart for PZT 1 when it is interrogated individually 51
‘Rs vs. Frequency’ chart for PZT 1 when it is interrogated individually 52
Damage Metric chart (1 — Correlation) based on the ‘Cs vs.
Frequency’ PlOt... .. ... 53
Damage Metric chart (1 — Correlation) based on the ‘Rs vs.
Frequency’ PlOt... .. ... 55
Damage metric chart, based on the ‘Rs vs. Frequency plot.
Comparison of metric values from the ‘Multiplexing’ versus the

‘Mathematical Averaging’ Case..........covviiiiiiiiereiiie i ie e enenns 57
Photographs (2 angles) of the aluminum truss structure.................... 61
‘R vs. Frequency’ plot for PZT 1, Day 1.......ccooviiiiiiiiiiiiiiiiienn. 65
‘R vs. Frequency’ plot for PZT 2, Day 1......cccooviiiiiiiiiiiiiiie, 65
‘R vs. Frequency’ plot for PZT 3, Day L.......cocovviiviiiiiiii i, 66
‘Rvs. Frequency’ plot for PZT 4, Day 1.......cccoovvivviiiiin i, 66

Xi



53a

53Db

53c

5.3d

54 a

54Db

54c

54d

54¢e

5.5

6.1

6.2

6.3

6.4

6.5

6.6
6.7

Damage metric chart for PZT 2. Comparison of metric values for the
ambient conditioNSs OVEr 7 daysS.........c.cvieiieiieiie i e 68
Damage metric chart for PZT 2. The metric values are averaged (from

figure 5.3 g and serve as a comparison of the ‘damaged’ versus the
‘Undamaged’ CaSE......c.oivitieeee it et e e e e 69
Damage metric values for all 4 PZT’s; values averaged over the first 4

days (structure undamaged) and the last 3 days (structure damaged).... 70

Damage metric chart; metrics averaged for all 4 PZT’s over the first 4

days (‘Undamaged’) and the last three days (‘Damaged’)................. 71
‘R vs. Frequency’ plot for PZT 2, ‘Baseline’ readings on the 7 days are
5] 10 1o 72
‘R vs. Frequency’ plot for PZT 2, ‘Weight 1’ readings on the 7 days

= S 2] 10 1 o 73
‘R vs. Frequency’ plot for PZT 2, ‘Weight 2’ readings on the 7 days
ArE SNOWN ... 73
‘R vs. Frequency’ plot for PZT 2, ‘Vibration’ readings on the 7 days
oS3 101 o 74
‘R vs. Frequency’ plot for PZT 2, ‘Heat’ readings on the 7 days are
SOWIN . e 74
Damage metric for PZT 2; metric values are calculated over time to

determine the extent of damage (or variation) with time................... 76

Enhanced photograph of the circular steel steam header; position of

PZT's 1 and 2 and location of the hole (on the flat face) is shown....... 81
‘Rs vs. Frequency’ chart for PZT 1, at 50-52 KHz...................ccocvi 85
‘Rs vs. Frequency’ plot for PZT1, at 300-302 kHz..............c.cceene e, 85
‘Rs vs. Frequency’ plot for PZT 2, at 50-52 kHz...................coel. 87
‘Rs vs. Frequency’ plot for PZT 2, at 300-302 kHz.............ccce..o. .. 88
Damage metric chart for PZT 1, based on the ‘Rs vs. Frequency’ plot.. 89
Damage metric chart for PZT 2, based on the ‘Rs vs. Frequency’ plot.. 90

Xii



6.8

7.1
7.2
7.3
7.4
7.5
7.6
7.7

7.8
7.9

7.10

7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18

7.19
7.20
7.21
71.22
7.23

Damage metric chart based on the ‘Rs vs. Frequency’ plot for PZT's 1

AN 2. 91
Experimental set-up for proof-of-concept demonstration.................. 103
‘R Vs. Frequency’ plot for PZT 1, under loading.............ccccovennnnnn. 105
‘R Vs. Frequency’ plot for PZT 2, under loading..............c.ccoevvenn.. 106
Damage metric (1 — correlation) for PZT’s 1 and 2 under loading....... 107
‘R Vs. Frequency’ for PZT 1 for delamination.....................ccoveee. 109
‘R Vs. Frequency’ plot for PZT 2 for delamination........................ 110
Damage Metric for PZT's 1 and 2, under the effects of artificial
delaminNation..........oeie i 111
Photograph showing PZT patch configuration.............................. 115

Loading configuration used for the testing of the wall specimens;
diagonal loading is employed to promote early failure..................... 118

Placement and numbering of the PZT’s on Wall 1. Failure occurred in

two stages: TOP and CENTERLINE crack...............ccooviiiinnnnnn. 122
‘R Vs. Frequency’ chart for PZT 1, Wall 1., 123
‘R Vs. Frequency’ chart for PZT 2, Wall 1............cooiiiiiiiiiinnnns 125
‘R Vs. Frequency’ chartfor PZT 5, Wall 1............ccooiviiviiiin i, 126
‘R Vs. Frequency’ chartfor PZT 3, Wall 1...............cooiviiiiinn . 127
‘R Vs. Frequency’ chart for PZT 4, Wall 1...............c.ooiiiinn .. 128
Damage metric (1 — Correlation), for PZT's 1 through 5, of Wall 1...... 130
Photograph of concrete face of Wall 1 (Reichold) after fracture.......... 133

Placement and numbering of PZT’s on Wall 2. Position of the crack is

AlSO SNOWN ... .ce e 137

‘R Vs. Frequency’ chart for PZT 1, Wall 2............cccooiiiiiiiinnes 138
‘R Vs. Frequency’ chart for PZT 5, Wall 2............ccooiiiiiiiiiinn, 139
‘R Vs. Frequency chart for PZT 4, Wall 2..............cccoiiiiiiiiiennn. 140
‘R Vs. Frequency’ chartfor PZT 2, Wall 2..............coiiiieiiinn . 141
‘R Vs. Frequency’ chart for PZT 3, Wall 2..........cccooiiiiii . 142

Xiii



7.24 Damage metric (1 — Correlation), for PZT’s 1 through 5, of Wall 2...... 143
7.25 Photograph of composite side and concrete side of Wall 2 (TONEN)

After fraCture. .. ... 145
7.26 Placement and numbering of PZT’'s on Wall 3. Position of the crack is

AlSO SNOWN ... .ce e 148
7.27 ‘R Vs. Frequency’ chartfor PZT 2, Wall 3............ccooiiiiiiiiiinnnn. 149
7.28 ‘R Vs. Frequency’ chart for PZT 5, Wall 3............ooviiiiiiiiiiinnnns 150
7.29 ‘R Vs. Frequency’ chart for PZT 4, Wall 3., 151
7.30 ‘R Vs. frequency’ chart for PZT 3, Wall 3..........coiiiiiiiii 152
7.31 ‘R Vs. Frequency chartfor PZT 1, Wall 3..........c.ccoeiiiiiiiiinnnnn. 153
7.32 Damage metric (1 — Correlation), for PZT’s 1 through 5, of Wall 3...... 154
7.33 Placement and numbering of PZT’'s on Wall 4. Position of the crack is

AISO SNOWN... .. 159
7.34 ‘R Vs. frequency chartfor PZT 1, Wall4............ccccoiiiiinninnns 160
7.35 ‘R Vs. Frequency chartfor PZT 4, Wall 4................ooooiiiiiiiinnnn. 162
7.36 ‘R Vs. frequency’ chart for PZT 5, Wall 4., 163
7.37 ‘R Vs. Frequency’ chartfor PZT 2, Wall 4............ccooiiiiiiiiiiinnnn, 164
7.38 ‘R Vs. Frequency chartfor PZT 3, Wall4.............coovii e, 165
7.39 ‘Damage Metric chart for PZT’s 1 through 5, Wall 4 (1 — Correlation)’ 166
Al  Structure of files in the RSIM software............cccooviiviiiiiieiiennn, 182
A2 'Settings’ Sheet... .. ..o 184
A3 COPY L ShEEL. ..t e e 187
A4 Function to calculate the Average Square Difference Damage Metric... 188
A5 SET-ALL ShEEL....i i 193

Xiv



11

1.2

5.1

7.1

7.2

7.3

7.4

7.5

7.6

1.7

LIST OF TABLES

Comparison of conventional NDE versus sensor systems.................. 2
Comparison of strain gauges Versus SENSOIS......c.ovuevueveienennanannnn. 3
Summary of the readings taken from the 4 PZT’s over the 7 days........ 63

Summary of the composite reinforcement materials used for the four

walls. The method of failure and the percentage load increase is also

10} (= o P 97
Summary of the composite reinforcement materials used for the four

WIS .o 113
Loading history for Wall 1 (Reichold). Failure along top length was

observed at 50,000 Ibs. Loading was finally stopped at 60,000 Ibs....... 119

Loading history for Wall 2 (TONEN). A centerline fracture occurred

early in the test (at 12,000 Ibs), loading was eventually stopped at

45,000 Ibs at which stage the fracture became more pronounced......... 134
Loading history for Wall 3 (Hexcel-Fyfe). The structure was loaded in

stages to 49,000 Ibs, at which point failure occurred........................ 146
Loading history for Wall 4 (Owens Corning). Failure along the

centerline of the structure was observed initially at 45,000 Ibs. A top

crack appeared at 55,000 Ibs, the bottom corner crumbled at 58,000

Ibs, the loading was stopped at 58,000 Ibs............ccccoiiiiiiiiinnen, 156
Summary of the composite reinforcement materials used for the four

walls. The method of failure and the percentage load increase is also

0] (=T 170

XV



