
AD—AOb’e 463 DOUGLAS AIRCRAFT CO LONG BEACH CALIF F/G 11/9
DAMPING. STATIC. DYNAMIC. AND IMPACT CHARACTERISTICS OF LAMINAT——ETC (U)
DEC 77 G F RHODES F33615 75 C 3105

UNCLASSIFIED MDC—J69$4 AFFDL—TR—76 156 NL

10F3
I.— ~s

I



H
FOR FURTllERTRAN &J~~

~~~~. 
t
: AFFDL TR 76 156

DAMPING, STATIC, DYNAMIC, AND IMPACT

© CHARACTERISTI~5 OF LAMINATED BEAMS

TYPICAL OF WINDSHIELD CONSTRUCTION

>~ 
Dou glas Aircraft Divisisu
NcD.usII huglas Csrperstiu

(..) 3655 Lakswss d hu lovard
L u g  leach , Ca l if orul a 10146

U

D D C
•(C(N1(1 1177 ~~y 31 1978

TECHNICAL REPORT AFFDL-TR-16-156 E
Fi.al loport for Period July 1S75-N svs•b sr 1171

Approved for public release; distributi on unlimited

AIR FORCE FLIGHT DYNAMICS LABORATORY
AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE SYSTEMS COMMAND
WRIGHT-PATTERSON AIR FORCE BASE. OHiO 45433



NOTICE

When Government drawings, speci fications, or other data are used for
any purpose other than in connection wi th a definitely related Govern-
ment procurement operation, the United States Government thereby incurs
no responsibility, nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data, Is not to be regarded
by ia~lication or otherwise as In any manner licensing the holder or anyother person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented Invention that may In any way
be related thereto.

This report has been reviewed by the Information Office (01) and Is
releasable to the National Technical Information Service (NTIS). At
NTIS, it will be available to the general public, including foreign
nations.

This technical report has been reviewed and is approved for publication.

~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _

LT. LARRY G. MOOSMAN ROBERT E. WITTMAZI
Project Manager Program Manager
Improved Windshield Protection ADPO Improved Windshield Protection ADPO
Vehicle Equipment Division Vehicle Equipment Division

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AMBROSE B. MUTT
Director
Vehicle Equipment Division

Copies of this report should not be returned unless return is required
by security considerations, contractual obl igations, or notice on a
specific document.

AIR FORCE/56710/1s ADrII 1975 — 150



(~~~ PORT DOCUMENTATION PAGE BE?ORE CO~ PL E T I~~ FORM

UNCLASSIFIED
9ECUP1 1Y ~~~~~~~~~~~~~~~ ~ c ‘141$ .AGE ‘Wh ..~ Oai. £n..~.dJ

READ INST Re~~Tt ON S

________________ CCLSSI0N NO ~ CIPlEti l”$ C A l  A~.Q ~~iM~~ER_____________ a

~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _

~~~~ 
r — — ’ • ’  I L~~~_ 1 EauOO cOvEmC ~i *~

.
~7PT L E (_Id~~~~~~~~I

( ‘
~DAMPING,..STATICI ~YNAMIC, AND JJIPACT 

/ Final Je t. —

~
_.4,~IARACTERISTICS orj.AMINATEDJEANS I - Nov ~7f

1,EYPICAL O~~1NDSHIEL~~coNSTRuCTION~~/ 6g44, - -

7 ~~~~~~~~~~~ . CONYRA CI QR G RA N T  N U N SE R’ .)

~:1 )~~ 
C. F.!Rhodesj 

_ _ _ _ _ _ _ _ _ _ _ _

F3361 5-75-C—3
—~~~

--

5. PIRPORMING ORGAN IZA TION NA M E AND ADDRE SS 
- IO. PROGRAu ELIIiENT. PROJEC T A 5 (  

______

ARE A I
J Douglas Aircraft CompanyV Projec
l~cDonnell Douglas Corporation Task: ~~~~~ ~I17Lona Beach, CalIfornia 90846 Wnrk Hnit U

It .  CONTROL.UNG OPPICE NAME AN D AD DRESS
Air Force Flight Dynamics Laboratory (AFFDL/FEW ~~ f~ec

__J7~~7Air Force Systems Coninand (AFSC) hP—WuMSER Ø F PAD

Wriqht-Patterson Air Force Base, Ohio 45433 284
14 MONITORING AGENCY NAME & AODRESSIII di U.rauC frau. Cont?DIlinS OWe.) II. SECURITY CLASS.

Unclassified
Q

~
j_,

~

I

II.. OECLA SS rICATION ______ _______

SCHE DU LE

I5. OISTRISUTION STAT EMENT (of At. R.pon)

Approved for Public Release, Distribution Unlimi ted.

Ii. DISTRSIUTION STATEMENT (a! A. ab.t,.ei .ntu,.d hi Black 20. If dtU.onM frau. R.paut)

t5. SUPPLEMENTARY NOTES

I~~. X EY WORDS (Continu, on ra.ara• aid. it n.c...~~~ ond jd.ntIl~ b~ bloc k m .a)

Beam Analysis Damping Response Laminates
Beam Testing Empirical Analysis Material Characteristics
Composites Interlayer Material Plastic Materials

~~ Thermal Effects Impact Test Static Loading
Damping Characteristics

on ~~~~~~~~ aid. if n~c... 7 .14 id.ntlty b, W.ck mu.,k ,)

j
A C

~~~fff~
iu

~
I
ectlon report contains the test plans, test results and

analyses for a series of monol i thic and laminated transparent beams which
represent aircraft windshield segments.

A method of imbedding strain gages, mounting strain gages, and the applica-
tion of thermocouples Is described.

DD ~~, 1473 LDI ’ION OF I NOV 55 5 OSSO LETI
5IP I 0 1 0 2 - 0 1 4 -  600 1

SECURITY CLA$$I’ ICATION or t.tis PAGE (W~ Sn Oil. int.rSd,

Li~ 
y~ø



UNCLASSIFIED
..LLUMIYY CLA SSIF%C &TIOP4 OF TI4I S PAGE(*hiIi Doe. LiI. rsd)

19. KEY WORDS (continued)

Transparencies
Windshield Design

- -20. ABSTRACT (Continued)

• 4he method of data collection was assessed for data reduction that
could pro~’ide stress—strain rel ationships. These relationships were• used for the determination of energy transfer, dynamic response, and
displ acements due to applied loads. . Selected portions of the test
data were correlated with data ~utput in a math model representation

~~~~~~~~~ specimens noted in Section IX of AFFDL-TR-77-l.- . —
leven cantilevered damping specimens were tested a arious levels

in order to study the damping characteristics for each ply of the
¶ l aminate utilizing strain recordings. The strain responses were

checked for accuracy with respect to theoretical strains calculated
as a function of the applied loads.~~.

Four beam specimens were subjected t~ static and dynamic load testsunder hot, cold or ambient temperatures with either fixed or simply
supported end constraints. Three of these beams were also subjected
to impact loads at room temperature. These tests were conducted in
order to study the strain distribution characteristics between plies
of each laminate. A correlation of a theoretical static analysis with

• data from one test condition was documented in technical report
AFFDL-TR-7 - These correlations were made on the basis of strains ,• oa s, splacements and time.

ACCESSION f~
NTIS Rhits Sectin
OOC Isft Soctlsj 0
WIANNOUNCED 0
JUSTIFICATION 

my 
DISTRIIUTION/AVAILARILITY CODES

Nist. AVA IL •nd/~ SPECIAL

SICURITY CLASS IFICATION OP 11415 PAG EIITh.,, D.C. tnt.,.d)

_ _ _ _ _ _  _ _  .~~~~~~ - J



FOREWORD

This report is one of a series of reports that describes work being
performed by Douglas Aircraft Company, McDonnell Douglas Corporation,
3855 Lakewood Boulevard, Long Beach, California 90846, under the Wind-
shield Technology Demonstrator Program. This work was sponsored by the

• • U. S. Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force
Base, Ohio, under Contract F33615-75-C-3105, Project 22O2/l

h
~~6.

Mr. D. C. Chapin , Capt., USAF Ret., was the Air Force Project Manager
during the conceptual phase of the work reported herein. Lieutenant L. C.
Moosman (AFFDL/FEW) succeeded Mr. Chapin durin g the conduct of the program.

Mr. J. H. Lawrence, Jr., was Program Director for the Douglas Air-

• craft Company. Mr. G. F. Rhodes , Structural Engineering , was the
responsible engineer and author of this report.

The principal investigators and contributing authors were:

P. H. Denke - Structures - Advanced Methods and Research
C. R. Eide - Structures - Advanced Methods and Research
0. A. Hunt - Structures - Advanced Methods and Research
L. R. Islander - Project Manager - Testing and Instrumentation
L. P. Koegeboehn - Environmental Engineering

J. H. Lawrence - Structures - Design
R. H. Magnusson - Structures - Stress
The authors wish to thank the many individuals in the coninercial

and military aircraft manufacturing industry , the glass and windshield

manufacturers, and the commercial airlines for their excellent coopera-

tion In sharing their experiences during the conduct of this work.

iii

-s



-~~~ — -- .-~-~~~~~~~-,~~~~~~~~-—-. - —--—-- .~~~ .- ---~~--•- —.,—-~ •— •~ •~~—--- -. —

The authors are grateful to the Douglas secretaries for the layout
and typing of the report in a timely manner.

This report was first submi tted to the Air Force in November 1976
and the time period covered by this report was from July 1975 through
November 1976. —

~~~

iv

I
L. - •. -. . 

-•
~ 

- - - - -- - - •
~~
- - - - • • •  —• ,

,
~~~• • .•• ~~~~~~~~~~ —~~~~~~~~~•••- - --~~~~~~~~~~~~~~~~~~ -~~~~~~~~~-——



I
CONTENTS

SECTION PAGE

INTRODUCTION 1
a

II TEST DIRECTION 5
TEST OBJECTIVES 5

Damping Beam Test Objective 5
Static/Dynamic Beam Test Objectives 5
Impact Beam Test Objectives 7

• TEST SPECIMEN DESCRIPTIONS 7
Damping Beam Specimens 7
Static/Dynamic and Impact Beam Test Specimens - . - 8

TEST CONDITIONS 13
Damping Beam Test Conditions 13

• Static/Dynamic Beam Test Conditions 15
Impact Beam Test Conditions 23

TEST SETUP 27
Loading Methods 27
Environmen tal Control 30
Data Acquisition 30

TEST PROCEDURES 30
Damping Test Procedures 31
Static/Dynamic Beam Test Procedures 32
Impact Test Procedures 33

III TEST INSTRUMENTATION STUDIES AND DEVELOPMENT 35
INSTRUMENTATION SELECTION 35

Selection of Strain Gages 35
Selection of Thermocouples 39
Standard Instrumentation Components  40

STRAIN GAGE AND THERMOCOUPLE ATTACHMENT DEVELOPIENT . . 40
Strain Gage and Thermocouple Bonding 40
Lead Wire Shock Resistance Development 45

STRAIN GAGE AND THERMOCOUPLE INSTALLATION PROCEDURES  - 47
Damping Beam Instrumentation Installation
Procedures 47

Beam Embedded Instrumentation Installation
Procedures 48

• Externally Mounted Instrumentation Installation
Procedures 51

OPTIMIZED STRAIN GAGE LOCATION SELECTION 55
Damping Beam 55
Thirty—Six—Inch Bending Beams 55

V

- ~~~~~—•~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . • ---— — -~~—-~~~~~~~~



CONTENTS (Continued)

SECTION PAGE

INSTRUMENTATION DOCUMENTATION . .  58
Damping Ream 58
Thirty—Six-Inch Beam 62

IV TEST RESULTS AND ANALYTICAL DEVELOPMENT FOR DAMPING
BEAII SPECIMENS 69

SPECIMEN DEFINITION AND TEST TEMPERATURES 69
Specimen Definition  69
Test Temperatures  69

¶ DATA DOCUMENTATION AND ASSESSMENT 72
Test Results 75
Assessment of Testing and Data Output 83

ANALYTICAL DEVELOPMENT OF DAMPING RATIOS AND
AMPLITUDE DECAY TItlE 87

Damping Ratio Equation Development 88
Vibratory Amplitude Decay Time Equation

Development 96
COMPARISON OF SPECIMENS ’ AVERAGE DAMPING RATIO

• 
VERSUS TEMPERATURE 99

V TEST RESULTS AND ANALYSIS FOR STATIC/DYNAMIC BEAM
SPECIMENS 103

SPECIMEN DEFINITION AND TEST TEMPERATURE 1 05
Specimen Definition 105
Test Temperature Selection 105

DATA DOCUMENTATION PRESENTATION METHODS AND
ASSESSMENT OF TESTING ERRORS 108

Data Documentation Presentation Methods 110
Assessment of Testing Errors 121

RESULTS AND ASSESSMENTS OF STRAIN DISTRIBUTION . . . 121
The Linearity of Load Versus Strain for Thick
Core and Multi —Layered Beams 121

Strain Distribution From Edge Effects on Thick
Core Beam . . . . . . . . .  131

Strain Distribution From Edge Effects on a
Multi—Layered Beam 151

Comparison of Thick Core and Multi-Layered Beams 177

SUMMARY 187

VI TEST RESULTS AFID ANALYSIS FOR IMPACT BEAM SPECIMENS . . . 191
SPECIMEN DEFINITION AND TEST TEMPERATURES . . . . . 191

Specimen Definition . . . . . . . . 191

vi 

—,--~~ -~~~---.—- -- . .. ~~• • • - -



wr~~~~~~~~~~~~~~~~~~~~~ - . • ~~~~~~~~~ • - . •• - - • - fl .—•—•••-__ • -,--—-- .• ~~~~~~~~~~~~~~ -- -~~~~~~~ 

CONTENTS (Continued)

SECTION PAGE

Test Temperature 191
DATA DOCUMENTATION PRESENTATION METHODS AND
ASSESSMENT OF TESTING ERRORS 193

Data Documentation Presentation Methods . . . - 193
Assessme nt of Tes ting Errors  193

RESULTS AND ASSESSMENT OF SPECIMEN STRAIN
DISTRIBUTION, STRAIN RATE AND FAILURE 193

Thick Core Beam Spec imen 1 Impact Strain
Distribution 194

Thick Core Beam Specimen 2 Impact Strain
Distribution 194

Multilayered Beam Specimen 4 Impact Strain
Distribution  199

Strain Rate of Impact Beams 203
Beam Fai lure Analyses and Edge Attachment

• Evaluation 207
Comparison of Thick Core Ply Beam Versus

Multilayered Ply Beam Impact Tests 211

VII MATRIX ANALYSIS METHOD FOR THE DETERMINATION OF DAMPING
FACTORS AND CORRELATION OF BEAM STRAIN RESPONSE WITH
THEORETICAL ANALYSIS 213

• 

• MATRIX ANALYSI S METHOD AND PROCEDURE FOR THE
DETERM INATION OF DAMPING FACTORS AND RESULTS . . .  213

Matrix Analysis Method for Determining
Damping Factors 214

Matrix Analysi s Procedure for Extracting Damping
Factors 221

Finite—Element Model and Results 223
CORRELATION OF TEST/ANALYSIS FOR DAMPING BEAM
STRAIN RESPONSE 239
CORRELATION OF TEST/ANALYSIS FOR STATIC/DYNAMIC
BEAM STRAIN RESPONSE 239

VIII CONCLUSIONS AND RECOMMENDATIONS 243
DAMPING BEAM TESTING 243
STATIC/DYNAMIC BEAM TESTING 244
IMPACT BEAM TESTING 246
RECOMMENDATIONS 247

Damping Beam 247
Static and Impact Beam 248

REFERENCES 251

BIBLIOGRAPHY 253

vii

I
—

~

• . , - ••-

~



-
~~
-----•-:—-••--

~~
—---—— - •

CONTENTS (Continued)

SECTION PAGE

APPENDIX A LIST OF APPLICABLE DRAWINGS . .  255

APPENDIX B DATA COLLECTION FORMAT.  257

APPENDIX C DAMPING RATIO BY ALTERNATE METHOD 261

~~1

I viii 

-. ~~-- -~~~~-• - - - -rn ~~
----—--

~~~~~~~~~ ~
• , —- • - —~~

•-
~~ 
— 

~
--• .— •- -~~—••—-_ ___~~~j~~



ILLUSTRATIONS

Figure Page

1 Instrumented transparent beam testing 6
2 Typical damping beam test specimens set-up 8
3 Glass-faced transparency laminate with thick polycarbonate

(fusion bonded) core  11
4 Acryl ic-faced transparency laminate with polycarbonate

plies 12
5 Static/dynamic beam edge conditions 19
6 Edge attachment detail showing aluminum bushing and

s imulated sealant 22
• l 7 Static/dynamic beam load definition 24

8 Test set—up 28
9 Test set-up for specimen damping 29

10 Styrofoam block shock absorber 46
11 High impact sh ock resistant gage instal lation 46
12 Typical damping beam strain gage instrumentation detail  49
13 Typical 36—inch beam instrumentation details 54
14 Strain gage optimum location definition , 36-inch beam

specimens 56
15 StraIn gage and thermocouple arrangement, 36-inch

beam specimens 59
16 Spec imen 2 (cross section) stra in gage and thermocouple

arrangement 60
17 Specimen 4 (cross section) strain gage and thermocouple

arrangement 61
18 Schematic diagram of damping beam strain gage

instrumentation 63
19 Typical strain gage channel schematic diagram for the

36—inch beam 64

20 Load cell channel schematic diagram for 36—inch beam . - 66

21 Linear Variable Dffferential Transformers (LVDT) channel
schematic diagram for 36-inch beam 67

• 22 Timing reference channel schenatic diagram for 36-inch
bearn 68

23 Damping beam dimensional measurement l ocations 71
24 Calcula ted temperature profile for Specimen 6,

Condition 4, damping beam test 74

ix 

- - - ..-~~ —~~~ --—~~~~-~~- - -  .-~~~~~ -•. ••- •- --- -



/ 

ILLUSTRATIONS (Continued)

Figure / Page

25 / Damping beam test method .  76

2V A typical vi bratory strain versus time data recording

• / and deflnitions 81

/ 27 Time histor~, of beam strain ampli tude 89
•/ 28 Damping ratio ~y’ versus peak a~ap1ltude number for a: •• polycarbonate laminate, with CIP lnterlayer, damping

• 
• . test 95

29 DampIng beam test results , Specimens 5 through 10 . .  98

I 

• 30 Damping ratio (my ) versus temperature for damping beam
specimens 101

• 31 Instrumented beam loading diagrams for different edge
7
/ restraints . 104

32 Windshiel d temperature profile as applied to test beam
/ Specimens 1 and 2 107

• / 33 Windshield temperature profile as appl ied to test beam,
Specimens 3 and 4  109

34 Strain diagram l abeling format - Specimen 2 112
35 Strain diagram labeling format - Spec imen 4 113
36 Longitudinal strain diagrams for single plies -

illustrated example 115
37 Strain diagrams for Specimen 2, Conditions 15 , 21

and 27 118
38 Beam load and strain diagram for Specimen 2,

Condition 107 120
39 End attachment configuration for Condition 107A , under

load , showing interlayer deformation 123

40 End—attachment configuration for Condition b i B ,
(unloaded), with bushings instal led 124

41 Strain diagrams within structural plies of Specimen 2,
Condition 107A, wi thout bushings - .  126

42 Strain diagrams within structural plies of Specimen 2,
• Condition 107B, with bushings 128

43 Composite strain diagram Conditions 1O7A and 1078 . .  129

44 Load versus strain for Specimen 2, ma in core ply,
Cond ition 107A, without bushings , and Condition 107B,
with bushings 130

x 



• ILLUSTRATION S (Continued)

Figure Page

45 Load versus strain for Specimen 4, Condition 34 132
46 Strain diagrams within structural plies of Specimen 2,

• Condition 15 . . 134
• 

•
; 47 Strain diagrams within structural plies of Specimen 2,

• Condition 21 . , .  137
48 Strain diagram within structural plies of Specimen 2,

Condition 27 139
49 Strain diagrams within structural plies of Specimen 2,

Condition 29S . • 141
¶ 

50 Strain diagrams within structural plies of Specimen 2,
Condition 65 . . . . . . . . . . . 144

51 Strain diagrams for beam Specimen 2 - thick core ply
Condition 29S and 65 145

52 Strain diagrams within structural plies of Specimen 2,
Condition 63 147

53 Strain diagrams within structural plies 0f Specimen 2,
Condition 6i 149

54 Strain diagrams for beam Specimen 2 core ply;
Conditions 63, 65 and 67 150

55 Strain diagrams within structural plies of Specimen 2,
Condition l9.  153

56 Strain diagrams within structural pl ies of Specimen 2,
Condition 23 155

57 Strain diagrams for beam Specimen 2; Conditions 19, 21
and 23  156

58 Strain diagrams within structural pl ies of Specimen 4,
Condition 34 (Static 2 data) 159

59 Strain diagrams within structural plies of Specimen 4,
Condition 34 (Static 3 data) 160

60 Composite strain diagram of Specimen 4, Condit ion 34 .  161
61 Single ply load and strain diagram for calibration of

beam, Specimen 4, Condition 34 162

62 Strain diagrams within structural pl ies of Specimen 4,
Condition 38 . . . . . . . . 165

63 StraIn diagrams within structural plies of SpecImen 4,
Conditlon 4O 167

xi

—~~~~~~~~~~ • •~~~~~ 
-t •_ _~~~ --• - 

•—•-• -



ILLUSTRATIONS (Continued)

• Figure Page

64 Strain diagrams within structural plies of Specimen 4 ,Condition 42 . . . . . . . . . . . . . 169

F 65 Load and strain diagrams for Specimen 4, Conditions 38,
40 and 42 . .  170

66 Strain diagrams within structural plies of Specimen 4,
Condition 81 . .  172

67 Strain diagrams within structural plies of Specimen 4,
Condition 83 . . . .  174

68 Strain diagrams within structural plies of Specimen 4,
Condition 85 . . . .  176

69 Spring stiffness versus temperature change for thick core
beam with di fferent edge restraints 181

70 Spring stiffness versus temperature change for multi-
layered beam with different edge restraints 182

71 DampIng ratio versus temperature for the thick core beam
Specimen 2 with CIP interlayers 183

• 72 Damping ratio versus temperature for the multi —l ayered
• beam Specimen 4, with PPG—112 interlayers 185

73 Comparison of Specimen 2 with Specimen 4 damping ratio
versus temperature . . . .  186

74 Idealized specimen diagrams , impact beam test 192
75 Specimen 1 strain gage arrangement for impact beam test of

Spec imen l  195
76 Test setup for impact beam test of Specimen 1 ,

Condition 108 (DR/SB—S) 196
77 Oscillograph recording of strain gages 4 and 6 response

versus time for impact beam test of Specimen 1 197

78 -Structural-ply strain diagrams (approximate) for impact
beam test of Specimen 1 , Condition 108 198

79 Test set-up for Impact test of Specimen 2, Condition 87
(SR/FB—S ) . . . . . . . . . . .  200

80 Oscillograph recording of strain vs time , for Impact beam
test of Specimen 2, Condition 87  201

81 Impact beam test , structural-ply strain-diagrams for impact
test of Specimen 2, Condition 87  202

82 Impact sequence for Specimen 4, Condition 88 (SR/FB-S) .  204

xli



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~---~- -— •-

ILLUSTRATIONS (Continued)

Figure Page

83 Oscillograph recording of strain versus time for impact
beam test of Specimen 4, Condition 88 205

• 84 Structural-ply diagrams for impact beam test of Specimen 4
• Condition 88 (SR/FB—S) 206

• 85 Sketch of approximate ruptured shape of impact beam tests• of Specimen 1, Condition 108 208
86 Approximate location and mode of cracks in Specimen 2

¶ (Part No. Z5942626-501) 210

87 Deflected beam model of finite elements 215

88 Finite element model for damping specimen analysis - .  225

• 89 Damping to stiffness ratio (h) versus temperature for
structural and interl ayer components 238

90 Damping beam response to an initial tip displ acement .  240

91 (a) Static deflection and (b) strain correlations for
• •

~ 36—inch beam model 241

xiii



- • •-•-- -
~

TABLES

Table Page

1 DAMPING BEAM SPECIMENS DESCRIPTION 9
2 THIRTY—SIX INCH BEAM SPECIMENS DESCRIPTION  10

• 3 DAMPING BEAM TEST CONDITIONS  14
• 4 STATIC/DYNAMIC BEAM TEST CONDITIONS . . .   16-17

5 EDGE CONDITION - CODE IDENTIFICATION . .   18
6 IMPACT BEAM TEST CONDITIONS .  . . .   25
7 STRESS CRAZE EFFECTS OF VARIOUS BONDING MATERIALS ON

POLYCARBONATE  43
8 STRAIN GAGE BONDING CEMENTS TESTED   44
9 DAMPING BEAM SPECIMEN DIMENSIONS  70
10 TEMPERATURE GRADIENT FOR DAMPING BEAMS 73

h A  DAMPING BEAM SPECIMENS 5 AND 6 TEST DATA 77
11 8 DAMPING BEAM SPECIMENS 7A, 78, 9A, 98, 9C, 10 AND 12

TEST DATA 78
• 11C AIR DAMPING BEAM SPECflIEN 8 TEST DATA 79

• 12 VIBRATORY DAMPING BEAM TEST DATA OF PEAK NUMBERS AND
STRAIN DOUBLE AMPLITUDES 82

13 SPECIMENS 5 THROUGH 10 CALCULATED TIME FOR 92% INITIAL
AMPLITUDE DECAY 97

14 SUMMARY OF SPECIMENS ’ AVERAGE DAMPING RATIOS 100
15 A NUMERICAL INDEX OF CONDITION NUMBERS FOR THE 36-INCH

BEAM TESTS WITH STRAIN DIAGRAM FIGURE AND STRAIN DATA
TABLE NUMBERS LISTED 106

16 STRAIN DATA TABLE - ILLUSTRATIVE EXAMPLE 110
17 STRAIN DATA FOR SPECIMEN 2, CONDITION 107A , SIMPLY-

• SUPPORTED BEAM , WITHOUT BUSHINGS 125

18 STRAIN DATA FOR SPECIMEN 2, CONDITION 1078, SIMPLY-
SUPPORTED BEAM, WITH BUSHINGS IN PLACE 127

19 STRAIN DATA FOR SPECIMEN 2 , COND ITION NUMBER 15/16 - . . 133
20 STRAIN DATA FOR SPECIMEN 2 , CONDITION NUMBER 21/22 - . - 136

21 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 27/28 . . . 138

22 STRA iN DATA FOR SPECIMEN 2 , CONDITION NUMBER 29S/290 . - 140

• 23 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 65/66 . . . 143

xiv



_ _ _ _ _ _ _ _ _ _ _ _- -~ --—~~~—~~~ --• -~~ ~~~~~
—•-- — ••

~~~
- ------—- —•-— ~~~-_-•_!

~~~
_

• 

- 

TABLES (Continued)

Tab le Page

24 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 63/64 . . - 146
25 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 67/68 . . . 148
26 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 19/20 . . . 152

27 STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER 23/24    154
28 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 34/35  -  158
29 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 38/39    164
30 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 40/41 -   166

• 31 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 42/43    168

32 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 81/82 . .  171
33 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 83/84 . . - 173

34 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 85/86 - .  175

35 STRAIN DATA FOR SPECIMEN 4, CONDITION PlUMBER 46/47 . .  178
36 STRAIN DATA FOR SPECIMEN 4, CONDITION NUMBER 48S/48D .  179
37 IMPACT BEAM TEST SUMMARY 212

• 38 SPECIMEN 8 (CONDITION 11.2) ANALYSIS PROPERTIES AND
TEST/AL4ALYSIS CORRELATIONS 226

39 CALCULATION OF AIR DAMPING CONSTANT, cA~ 
FOR SPECIMEN 8 227

40 SPECIMEN lB ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS 228

41 DAMPING RATIOS , h5, FOR POLYCARBONATE , SPECIMEN 7B . .  229
42 SPECIMEN 6 ANALYSIS PROPERTIES AND TEST/ANALYSIS

CORRELATIONS 230

43 DAMPING RATIOS, h1, FOR CIP INTERLAYER , SPECIMEN 6 . . . 231

44 SPECIMEN 7A ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS . 232

45 DAMPING RATIOS, h5, FOR POLYCARBONATE , SPECIMEN 7A . - • 233
46 SPECIMEN 5 ANALYSIS PROPERTIES AND TEST/ANALYSIS

CORRELATIONS 234
47 DAMPING RATIOS , h1, FOR PPG 112 INTERLAYER, SPECIMEN 5  235

48 SPECIMEN 10 ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS 236

49 DAMPING RATIOS, h5, FOR ACRYLIC , SPECIMEN 10 237

xv

- —• —••• —-—---•- •--m~~~~~-•---- -- -_ _-—~~
- 

~- -~~ •-- - - •



- - • •

LIST OF ABBREVIATIONS , ACRONYMS AND SYMBOLSt

A Area

a constant
AB Aluminum Bushings
B Beam width
b Strip width of beam

• C Damping matrix
c Distance from neutral axis’ to outer fiber

• CA Damping matrix for air

¶ 

cA An air damping constant

CA1 Unit value of the air damping constant (cA)

CASD Computer Aided Structural Design
c
~ 

Cri tical damping coefficient

C1 Damping matrix for interl ayer

• CIP Cast In Place
CV Viscous damping factor

Center Line
cps Cycles per second
CS Damping matri x for structural plies

D Dynami c

DR Double Row of bolts
E Modulus of elasticity
El Beam flexural rigidity
Fa Al lowab le stress

• FB Fixed-base (cannot sl ide)
f Stress

Bending stress

Fd Damping force

tAll subscripted symbols are not listed. Subscripts shown only
for those sy~bo1s where clari ty on the me ining is required.

xv i

~

- - •- — ~~— • •  • • - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LIST OF ABBREVIATIONS , ACRONYMS AND SYMBOLS (Continued)

-
• 

~d 
Damped frequency

FN Normal force

Natural frequency

fps Feet per second

Shear stress

• Tensile stress
• G Shear ~1odu1us
¶ g Gravity constant (386.1 inches per sec2)

GF Gage factor
H Drop weight height
h Damping to stiffness ratio
h1 Interlayer material damping to stiffness ratio

• hs Structural ply material damping to stiffness ratio

• I Moment of Inertia
K St i ffness coeff icient matri x
k Stiffness coeff ic ient
L Beam length between supports

I L/6 (34—inch/6, Sect ion V)
Total beam length

LVDT Linear Voltage Differential Transducer
H Mass matrix
II Bendi ng moment

• m Mass
ms Milli—sec onds
N Number of active legs in a bridge
n flumber of cyc les
P Load

p First good rebound peak number, and subscript
PC Polycarbonate
P/N Part Number
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LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS (Continued)

Q Fixity factor
q Any peak number after the p—number at 1/2 cycles, and subscript
R Reaction load
r Constant

- 
• R

~ 
Cali bration resistance

• Rg Strain gage resistance

• RT Room temperature

Strain Rate
S Static
SB Soft Elastic bushings

SG Strain Gage

SR Single Row of bolts
SS Simple Supported edges

Sym Syninetrical

- 
I Transforma tion matrix

• T Temperature
t Time

t.~ Thickness Ci 1 , 2, 3, . .
tp~q Time occurrance of the ~~~ or q~~ peak amplitude

t* Calculated time required for a 92~ decay in amplitude
V Shear load
v Velocity

Wei ght for bullet—shaped drop weight

w Uniform beam we i ght
W/S Windshield

x Horizontal di stance from ori gi n
• 

• y Vertical vari able dimension
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LIST OF ABBREVIATIONS , ACRONYMS , AND SYMBOLS (Con tinued)

Greek Symbols

Direction of applied load
y Damping Ratio
A Column of matrix displacements
Am Column of matrix maximum displacements

6 Deflection or displacement
First rebound deflection

• 6L Full-cycle logari thmi c decrement
6Lpq Half—cycle logari thmic decrement

Initial end displacement of canti levered beam

• c Strain
C Al lowable strain
o Slope of beam end

Micro
Poisson ’s Ratio
Constant (3.141 59)

p Density
E Summation
• Phase angle

V ibrating cantilevered beam tip disp lacement
x Constant

Shear strain
wd Damped frequency (2 

~
Wn Natural frequency (2 i~ f~)

Resistance
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LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS (Continued)

Superscri pts

• Ve loci ty
S. Acceleration
- Transformed

T Transposed matrix

¶ ilathematical Symbols

• < > MacCauley ’s br~~kets used with step or ramp
functions

Proportional to

e Natural Logarithm base (2.71828 . . .)
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SECTION I
INTRODUCTION

Thi s report covers the test directions, instrumentation studies
and development, results and analyses for laminated transparent beam

• specimens , representing aircraft windshield constructions, subjected to
• damping, static/dynamic, and impact tests. Strain gages and thermo-

couples , at specified locations, were bonded to the beam laminated
structural plies to monitor the strains and temperatures through the

beam sections . The beam specimens were tested at temperatures that
were representative of a B-i type aircraft windshield in a flight regime
representative during a bird strike environment. It is believed that
the tests conducted were unique and that comparable tests have not
previously been accomplished .

• Included in this report is a matrix analysis method for the deter-
mination of damping factors, and the correlation of beam strain response
wi th theoretical analysis. Recommendations for further ~tudies and
testing are also contained within this report. Following are brief
descriptions for Sections II through VIII.

Within Section II is a description of the test specimens , conditions,
and objectives of the damping , static/dynamic, and impact tests . The
damping tests provided the strain data for determining the damping
characteristics of windsiiield materials. The static/dynamic beam tests
provided data for determining the strain characteristics of beam lami-
nates under various loads , wi th various edge restraints and under a
variety of temperatures. The impact beam tests provided high-strain-rate
data obtained by dropping a 60-pound weight from heights ranging from
eleven to twenty feet. Also described, are the testi ng appara tus , the
method used for loading and env ironmental temperature control , data
acquisition means, and test procedures

.1



Test /analysis techniques to extract material damping factors from
the strain response of vibrating cantlievered multi-layered laminated
beams were developed to provide both structural ply and interlayer
material sti ffness/damping ratio values for various temperatures . The
values were needed to permit realistic analytical calculations of
structural responses from bird impacted laminated windshields . The
instrumentation of the static/dynamic, and impact beams tests was unique
in that strain gages were embedded in the laminated interlayer , and

• mounted directly on the structural ply surface . Each structural ply
had its strain gages mounted back-to-back to allow for proper construc-
tion of the multi-strain diagrams within the structural plies .

Wi thin Section III , a historical review of successfu l strain gage
and thermocouple installations and procedures is presented. This sec-
tion includes discussions of strain gages , surface preparati on, strain-
gage cements , system protection, and the best places for locating

• strain gages In lami nates used for stati c/dynamic tests . This section
• 

- 

also presents the general notes and related figures from Douglas detail
drawings which are noted in Appendix A.

Sections IV , V , and VI present the test results and analysis for the
damping , static/dynamic, and impact beam specimens , respectively .

Within Section IV , the actual dimension s for the damping beam speci-

mens and test temperatures are provided . The development of the damping
ratio equation and a sample calculati on are also provided . The average
damping ratios for the laminated beam are compared wi th tempera ture
changes. The time-to-dampen data is also presented and compared .

Wi thin Section V the static/dynamic beam specimens actua l test
temperatures are described . The practice of presenting “raw ” strain test
data in the form of strain diagrams is also described. By displaying
the data In the form of strain diagrams, instead of stress diagrams ,

2
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I • logical strain distri buti on between structural plies can easily be

assessed. Distorted diagrams that may evolve from stresses beyond the
elastic limi ts does not affect the strain diagram as explained in

Section V. The load versus strain curves for the test beams are
• investigated and also the effect of the edge restraints and temperature

on strain distributions . The spring stiffness, damping characteristics ,

correlations between test strain data and simplified computer analyses ,

• and an interlayer energy transfer analysis are also contained.

Within Section VI, the impact beam specimens strain distributions ,
strain rates, and beam failure modes are presented . Strain rates in

the order of 10 inches per inch per second and strains above 30,000 p

in./ in. were recorded .

Section VII provides a matrix analysis method for the determination
of the laminated materials damping factors, and correlat ion of a damping

• beam and a static loaded beam strain responses wi th theoretical analyses.

Close correlation between test and analysis was obtained . These corre-
lations were made during the early development of the “Bird Impact Math
Model ” program, Reference 1. The math model is a computer program
uti lizing finite elements for calculati ng the transient dynamic responses

of a windsh ield and its supporting structure to a bird impact. A
complete description of the math model is given in Reference 1.

Conclusions and recommendations are provided in Section VIII for the

three major types of testing . The objectives of these damping, static/

dynamic, and impact beam test are reiterated.

The experience obtained during these tests provided Douglas with the

instrumentation methods required to participate in a series of bird impact

tests conducted at the USAF Arnold Engineering Development Center (AEDC).

3
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SECTION II
:~ 

- TEST DIRECTION

The purpose of this section of the report is to present the test
di rection describing objectives, specimens, condi tions , set—up, and
procedure for a series of damping, static/dynamic and impact tests. The

series of tests are illustrated in Fi gure 1.

TEST OBJECTIVES
• The prime objectives of this series of tests were to determine beam

damping characteristi cs , stati c/dynami c responses and impact res ponses
for representative transparency laminated mater ials in the form of
uni form stra i ght beam sections.

In an endeavor to provide meaning ful data each specimen was instru-

mented wi th strain gages, transducers or accelerometers, and , when
• required , thermocouples. The specimens were tested with various edge

- 
• 

• constraints under low, room and high temperature conditions.

• Damping Beam Test Objective

The objective of this series of tests was to cort~ ile test data

related to various transparency materials from which certain damping

parameters were calculated.

The damping ratios were considered as basic material properties
requirements for application to a bird impact math mode l (see Reference 1).

Static/Dynamic Beam Test Objective

The primary objective of this series of tests was to quantiatively

evaluate the strain distribution due to load transfer between plies of
various laminated transparency materials when subjected to varying l oad

conditi ons , edge restraints and temperatures.

5 
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Each surface of the laminate, internal and external , was instru-
mented with strain gages at three locati ons . The strains were measured

F and recorded. These strain responses we re used for substantiating values
predicted by mathematical analyses. Other parameters that were also
recorded included the beam vibrati on frequencies, damping ratios and the
effects of testing on the edge attachments .

The term “Stati c/Dynamic and Impact Beam” is used interchangeably
with the term “36—inch beam” in this report.

• Impact Beam Test Obj ectives

Selecti ve ly, some of the 36—inch laminated beams were subjected to
impact testing to ascertain the strain rates of the materials under impact
for subsequent comparisons to actual instrumented bird impact tests on

canopies or wi ndshields . The strain rates for bird impacted transparencies
is believed to be in the range of 30 to 200 inch/inch/second. Equally
important, was to determine the feasibility of compiling strain gage data

• 

• 
during the fracture of each specimen.

This test data were made available for a math model appli cation for
data correlation; several math model applications are shown in Section VI I.

TEST SPECIMEN DESCRIPTIONS

For this test program, there were eleven 20-inch length damping

beam specimens and four 36—inch length beams used for the static/dynami c
and impact tes ts .

Damping Beam Specimens

The damping beam specimens were eight inches wide by twenty inches
long. In Fi gure 2, a typi cal damping beam is shown ri gged in the test
fixture.

The materials used in the construction of these damping beams are

shown in Table 1.

7



Specimen Number 12 was a thin monolithic polycarbonate beam to
compare with Specimens 7A and 7B which were thicker monolithic poly-
carbonate beams,

• 
• 6 • 0.50 DIsplacement

~~~~~~~~~~ Deflectometer

• 
‘ , 0.125 Thick interlayer

7 

, (Specimens 5 and 6, only)
¶ UP 18.00 1 f

I Strain gages

Firmly clamped on both sides

• 2.00 0.125 Thick polycarbonate
(Specimens 5 and 6, only)

FIgure 2. TypIcal damping beam test specimen set-up.

~taticJDynam1c and Impact Beam Test Specimens

The 36-inch length beams were ei ght inches wide consisting of the
laminated materials as noted in Table 2.

The lamination construction and the edge attachment design is
illustrated in Figures 3 and 4.

8
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• TABLE 1. DAMPING BEAM SPECIMENS DESCRIPTION

• SPECIMEN PLY THICKNESS MONOLITHIC OR LAMINATE DRAWING NO.
NO. (INCHES) MATERIAL DESCRIPTION NOTES CONFIGURATION

5 O~25O Polycarbonate 1 Z5942629
0.125 PPG 112 Interlayer -1
0.250 Polycarbonate 1 

________________

• • 6 0.250 Polycarbonate 1
0.125 CIP 2 Z5942629

• 0.250 Polycarbonate 1 -501

• 7A 0.625 Polycarbonate 1 Z5942629
—503(PPG)

- 

¶ 7B 0.625 Polycarbonate 1 Z5942629
-503(Sierracin)

• 8 0.250 Aluminum 3 Z5942629
• —505

9A 0.625 Glass
4 Z5942629

9B 0.625 Glass —507

• • 9C 0.250 Glass 4 Z5942629
• -509

10 0.625 Acrylic 5 Z5942629
—51 1

11 (Not Used)

• 12 0.250 Polycarbonate 1 Z5942629
—513

Notes: 1. Polycarbonate per MIL-P—833l0.
2. CIP= Sierracin S—100 Cast—In— place.
3. Al uminum alloy plate, 7075—T6 , bare per QQ-A—250/l2.
4. Fully tempered soda—lime glass per MIL-G—25667 , Type I,

• 

• Class A.
5. Stretched acrylic per MIL-P-25690.

• 9
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TABLE 2. THIRTY-SIX INCH BEAM SPECIMENS DESCRIPTIONS

• SPECIMEN LAMINATE THICKNESS (INCH) DRAWING
NO. AND MATERIAL DESCRIPTION NOTES CONFIGURATION

1 0.125 Glass 1 Z5942626-1
0.250 CIP 2

• 0.87 Polycarbonate 3

2 0.125 Glass 1 25942626—501
0.250 CIP 2
0.87 Polycarbonate 3
0.120 CIP 2
0.150 Polycarbonate 3

3 0.25 AcrylIc 4 Z5942626-503
0.06 PPG 112 Interlayer
0.188 Polycarbonate 3

• 4 0.25 Acrylic 
— — 

4 Z5942626—505
• 0.06 PPG 112 Interlayer

• 0.188 Polvearbonate 3
~.O6O PPG 112 Interl ayer0.188 Polycarbonate 3
0.060 PPG 112 Interlayer
0.080 Acrylic 4

Notes: 1. Chemically strengthened glass per MIL—G—25667
Type V 1 Class A.

2. CIP = Sierraci n S-100 Cast-in-place silicone interl ayer.
3. Polycarbonate per MIL— P—833l0 , prior to fusion bonding .
4. Acrylic per MIL—P-8184.

10



Bushing

Typ ~~~~ ¼ 
~~~~ ‘ 1  1 1.495

/‘ (Specimen 2)

080  \
r;p • \\ 7/ ‘ , ‘ 0.87

0.12

0.150
Nylon Epoxy Space r

o See Table 2 for material description .

o Sierracin fabricated.
o Specimen 2 shown.
o Edge designs for specimen 1 and 2.
o Specimen 1 has only three plie s :

0.105” glass face , ply, 0.25 ” sil icone
interlayer and 0.87 P.C. ply.

Figure 3. Glass-faced transparency laminate withF thick polycarbonate (fusion bonded) core.
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Aluminumr Alloy plate Seal
0.250

- 

_

60 

-

0.65

0.80 ., •~~

‘ 0.188

• Typ - ••
~~~ 

•
~~~~ 

- • 0.06
~ (3 Places )

~ .- -
~ -~~~~~ : -- LO.080

• \ •~~~~~~~~~~~~~~~~ .• ;~~~~~-

0.025 TItanium

Nylon epoxy spacer

o See Table 2 for material description

o PPG Fabricated
o SpecImen 4 shown
o SpecImen 3 only has one upper 0.25 acrylic ply

and one lower 0.188 polycarbonate ply wi th
0.06 PPG 112 Interlayer

SPECIMENS 3 AND 4 END VI EW

Figure 4. Acrylic-faced transparency laminate
with polycarbonate plies.
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• These four specimens were utilized in the stati c/dynamic tests and
• 

• 
subsequently, three were used for impact tests.

TEST CONDITIONS
In general , each test specimen was subjected to different temperature

conditions , edge restraint and modes of loading. Subsequent paragraphs
-

• describe the details for these test conditions.

It must be pointed out that during the testing program specimen
• 

• 

shipments from various vendors were oftentimes delayed , and during the

program addi tional testing was deemed necessary. Consequently, the
¶ sequence of test conditions was in order, but the grouping of specimens

was not. For purposes of clari ty, however , this report groups the

types of specimens per type of test.

Damping Beam Test Conditions

In turn, each specimen base end was fi rmly clamped into the test
• fixture as shown in Figure 2. After the test specimen had stabilized

at its test temperature, and with the environmental temperature control

chamber removed, the cantilevered beam end was quickly displaced approxi-
mately one—half inch and released. The oscilla ting strain wave (near
beam base) versus time was recorded on an oscillograph. Later , this

data was analyzed to determine the beam ’s damping properties as described

in detail in Secti on IV.

Table 3 depicts the test conditi on number and -temperature require-

ments related to each specimen.

Temperature Conditions

Three temperature conditions were used for the damping beam tests.
Each temperature condition had a tolerance of + 10°F. The temperatures
selected were low (-35°F), room temperature (75°F) and high (195°F ).

13
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TABLE 3. DAMPING BEAM TEST CONDITIONS

TEST SPECIMEN DRAWING TEMPERATURE
CONDITION NO. CONFIGURATION GOALS (°F)

NO.

1 5 Z5942629-l -35
2 RT
3 195

4 6 Z5942629-501 -35
5 RI
6 195

7a 7A Z5942629-503 -35
¶ 8a (PPG ) RI

9a i95

lb 78 Z5942629-503 -35
8b (Sierracin) RI
9b 195

h a  8 Z5942629-505 RI
llb

• 89a.l 9A Z5942629-507 RI
89a.2
89a.3
89a.4• 89a.5
89a.6

89b.l 98 Z5942629-507 RI
89b .2
89b.3 •

90 10 Z5942629-511 RT
91 -35
92 200

91 12 Z5942629-5 13 RI
101 -35
103 195

110 9C Z5942629-509 RI

RI denotes room temperature.

14



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _  _ _ _ _

Section IV of this report contains a further discussion of Environ-
mental Temperature Condi tions for the damping beams.

Load Conditi ons

A load was appl ied to the end of each damping beam specimen sufficient
to cause a 1 /2—inch displacement of the beam—end from its neutral position ;
then the load was released.

Static/Qynami c Beam Test Condi tions

• Each of the four 36—inch beams were subjected to a series of static
and dynami c tests. The edge constraints were varied between one-row

• and a double—row of attachments utilizing simply supported condi tions
for comparison purposes. Each beam was loaded at two places and under
each test condition the temperature was varied between —65°F and 272°F.

Table 4 lists the test condi tion number related to each specimen ,
temperatures , edge conditions , and allowable stress for any structura l

• ply. Table 5 identifies the edge conditions and code i dentification
noted in Table 4. These edge conditions are illustrated in Fi gure 5.

Temperature Conditions —

Three temperature conditions were used for the 36-inch beam tests.
Each temperature condition had a tolerance of + 10°F. The temperatures
selected were low (-65°F), room temperature (+75°F) and hi gh temperature

(272°F). For eac h case , the lower surface of each spec imen was expose d
to a 75°F environment. This temperature was measured six inches below
each specimen . The static/dynamic specimen temperature profile requi re-

ments are described in Section V which includes a plot of the resulting

test temperature gradient through the specimens.

The external temperatures noted in Table 4 refers to test chamber

temperatures.

15



TABLE 4. STATIC/DYNAMIC BEAM TEST CONDITIONS

TEST_CONDITION
TEST SPECIMEN DRAWING ‘

~tHAMBER ALLOWABLE EDGE CONDITION
COND. NO. NO. CONFIGURATION TEMPERATURE STRESS IDENTIFICATION

(See Table 1) (°F) (psi) (See Table 5)

13
14 -65 5200

2 Z5942626-50l RI 4960 SR/SS-PIV.

272 3200
19

• 2 Z5942626-501 RT 4960 SR/SB
23

25

2 Z5942626-50l RI 4960 DR/SB
30
31 —65 5200

- Z5942626 -501 RT 4960 DR/FB

4 Z5942626-505 RT 4960 SR/SS-PIV.

38

4 Z5942626—505 RT 4960 SR/SB
_________ — 

200 3200

200 3200

4 Z5942626—505 RT 4960 DR/SB

UOTE: 1. The test data from Test Condi tion No. 15 was used to
correlate theoretical dynamic analyses with test results .

2. The test data from Test Condition No. 27 was used to
correlate theoretical stati c analyses wi th test results .
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TABLE 4. (Continued)

• 
— 

TEST CONDITIOl
TEST SPECIMEN DRAWING CHAMBER ALLOWABLE EDGE C0NDITIOi~COND. NO. NO. CONFIGURATION TEMPERATURE STRESS IDENTIFICATION

i••i 
________  ________  

(See Table 1) (°F) (psi) (See Table 5)

48S 4 Z5942626-505 RI 3200 DR/FB
49D 

_ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _ _ _

1 Z5942626-l RI 4960 SR/SB

272 3200

• 272 3200

1 Z5942626- 1 PT 4960 DR/FB

61

2 Z5942626- 501 RI 4960 SR/FB-S

3 Z5942626-503 RT 4960 SR/SB

272 3200

76 _____________ __________

3 Z5942626-503 RT 4960 DR/SB
79

81 65 5200
82 ___________ _________

4 Z5942626—505 RI 4960 • SR/FB-S

200 3200

l07A 2 Z5942626-50l RT 4960 /SS
1O7B 2 

~
L5942626

~
5Ol RI 4960 /SS-B

NOTE: 3. Static tests only were accomplished under Test Condition
107A and 107B.

17



TABLE 5. EDGE CONDITION - CODE IDENTIFICATION

CONDITION CODE IDENTIFICATION

Double row attachments - both
ends fixed - aluminum bushings- DR/FB
tight holes.

Doub le row attachments - one
end fixed - one end attached DR SBto a sliding base - aluminum
bushings - tight holes .

Single row attachments - both
ends fixed - aluminum bushings- SR/FB
tight holes .

Single row attachments - both
ends fixed - sealant - loose SR/FB-S
holes .

Single row attachments - one
end fixed - one end attached SR SBto a sliding base - aluminum
bushings — tight holes.

Single row attachments - both
ends free to pivot - on simple SR SS ~~supports - aluminum bushings -
tight holes.

No attachments - simple
supported - no bushings - /SS
open holes

No attachments - simply
supported - aluminum bushings- /SS-B
open holes .

18
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SR/ss—pIv.

\~~~b) SR/SB

DR/SB

base 
~~~ —5imulated Retainer

DR/FB

______________________________ g) /SS

/SS-B

Note: See Table 5 for code
identificati on.

Figure 5. Static/Dynamic beam edge conditions.
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Edge Conditions

Various edge configurations were tested for purposes of determining
the effects of edge res~raints on performance variations between the
laminated plies of construction. The simulated edge design conditions
attempted to take into account current aircraft desi gn concepts . One
control item was the attachment edge distance of 0.65—inch and spacing
of 1.60 inches.

Described in Table 5 and illustrated in Figure 5 are the eight simulated
edge conditions and code identi fications. These code identificati on
symbols are used throughout this report. Figure 5 illustra tes the ei ght
di fferent configurations of edge conditions. Following are detail
descriptions of each edge condition configuration.

Conf i guration (a), Figure 5, represents windsh ield designs mounted
in flexible supports and will allow rotation of the edges and attach-
ments to compensate for pressurization and thermal gradients.

Conf igurations (b) and Cc), Figure 5, represent windshield designs
mounted in flexible supports wi th either one (b) or two (c) rows of
attachments. Configuration (b) will allow edge movement dictated by
both pressurization and thermal conditions. Configuration (c) limi ts
the amount of movement when the two rows of attachments are installed.

Confi guration (d), (e) and (f), Figure 5, represent edge configura ti ons
simulat ing windshields designed for hoop tension applicati ons or when
heavy support structure is utilized. Configurati on Cd) represents the
most rigid application since one row of attachments fix the windshield

to the structure and a second row brid ges the windshield to the struc-

ture through an exterior simulated retainer. The attachments are
installed in ti ght holes. Configuration (e) elimi nates the effect of

bri dging the windshield to the adjacent structure by eliminating the

row of attachments common to the retainer and structure, but the row

of attachments in the windshield are installed in ti ght holes . Confi guration

20
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(f) is identical to Configuration (e), except that one row of attach-
ments are installed in l oose holes and a rubber grommet is installed
to represent a normal aircraft installation utilizing wet sealant to
fill the voids between the attachments and metal bushings .

Configuration (g), Figure 5, edge condition test data was necessary
for analyses in the determination of interlayer shear—load transfer
capability. The bushings were removed to allow the laminate to act
under load similar to a leaf—spri ng.

Configuration (h), Figure 5, is similar to Configuration (g), Fi gure

• 5, except bushings were insta lled in the holes in an effor t to determi ne
the amount of inner structural ply restraint obtainable , thus , minimizing
the leaf—spring effect.

The application of the single attachment row concept allows potential
bolt bending under pressurization , thermal and impact condi tions. The
double—row attachment concept provides double—shear conditions for the
bol ts .

Figure 6 illustrates the concept for both the tight and loose attach—
ments with simulated sealant filling the voids between the bolt and

bushing . The spacers noted in Figure 6, under the NAS 1304 bolt head ,
were interchanged wi th the simulated retainer shown in Figure 5.

Load Condi tions

Static loads were applied to the 36—$nch beams that caused the beams ’

center to displace a maximum of 3 inches or reach a limi ting strain

allow ab le, whichever came first. The polycarbonate structural ply strain
gages , as developed and noted in Section III , were monitored to deter-
mine which strain gage presented the highest strain level. That parti cular

gage was further monitored to make sure the maximum allowable strain was

not exceeded. The maximum allowable strain Ca~ 
was approximated by the

following equation:
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Dia. hole (for section B-B )
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Dia. hole ( for section A-A)

Figure 6. Edge attachment detail showi ng aluminum
bushing and simulated sealant.
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Fa
(1)

where

Fa 
= allowable stress as specified in Table 4.

E = 320,000 psi for polycarbonate material.
(Conservative for the 3 tested temperature ranges.)

- - S

• Note that for clari ty the more familiar allowable stress term was
provided in Table 4 rather than the maximum allowable strain term.

-
• The beams we re stati cally loaded , as shown in Figure 7, to produce

approximate beam center displacement levels of one— , two— and three-inches .
After reaching the desired maximum center displacement , the beam was
quickly released for the dynamic test. The oscillati on curves of all
strain gages versus time output was recorded. This data were made
available for a math-model application for data correlation . Note that
in Figure 7a, two ten—pound wei ghts were secured to the beam specimen

• with tape. These wei ghts served two purposes. First , the weights
helped to properly distribute the loads across the beam width . Second ,
when the beam was released for the beam dynami c test, the wei ghts tended
to provide a constant bending moment section, although, the bending
moment was further complicated by its uniform beam weight.

Impact Beam Test Condi tions

Three of the 36—tnch beams were utilized in the impact tests. These
tests were performed at room temperature.

Listed in Table 6 are the test condi tions , including the edge

conditions and the height from which a 60.7 weight was dropped onto

each specimen center.
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• -• Two ten-pound weights
secured to beam

Support

Wiffletree
spread bar

2P (static load)

a) Beam specimen loading arranganent.

P P (statIc load)
L, L/3 iui4iii L/3 L/3 —

~~~~~~~~~

- L 0.65 Bol t
-
~~~~ 36.00  _________________ 

edge distance

b) Beam loading diagram.

Figure 7. Static/Dynamic beam load definition.
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Edge Conditions

As noted in Table 6 for Specimens lb s. 2 and 4, the edge conditions
were those i dentified as Confi guration (f) noted in Figure 5. This
configuration utilizes one row of attachments installed in l oose holes
wi th simulated sealant that could represent the edge desi gn for hoop
tension applications.

TABLE 6. IMPACT BEAM TEST CONDITIONS

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _- - 

~HEIGHT
TEST DRAWING WEIGHT EDGE CONDITION

CONDITION SPECIMEN CONFIGURATION DROPPED IDENTIFICATION
¶ NO. - NO. (see Table 1) -(feet) (see Table 5)

87 2 Z5942626-50l 20 SR/FB-S

88 4 Z5942626-505 11 SR/FB-S

108 1 Z5942626-l 20 DR/SB

Specimen No. 1 ,, as noted in Ta b le 6, had edge conditi ons i dentifi ed
as Configuration (c) in Figure 5. This configuration utilizes two rows
of attachments installed in tight holes that could represent the edge
design of a windshield when mounted in flexible structure.

Load Conditions

For the three beams selected, a series of impact tests were established

that would impose sufficient forces to fail each specimen .

Rather than design a special fixture, a bullet shaped 60.7-pound weight
was found that could be utilized as a drop weight. Because of the difficulty
in determining the impact load required to fail a laminated specimen com-
prised of various combinations of materials , an approximate height , H , was

• determined for a monolithic beam specimen.
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To determine the approximate minimum drop hei ght for material
failure the following method of analysis , noted in Reference 2, Page 474,
was used: 

______

~ iWHEC2 
(2)

Rearranging eq. (2) to determine H, gives
- ft2 LI
H a  . (3)- •

~ 6WEc2

The dynamic deflection of the beam (6D), Is

6D
a (4)

from standard static deflection (6) equations :

a (Simple supp ort ) a , and (5)

6 (Fi xed ends ) a (6)

where
w a Bullet wt [lb.]
H = Drop height fin.]
E a Modulus of elasticity [PSI)
c a Outer fiber distance to [in.) neutral axi s (Beam)
L = Beam length [in.]
I = Beam moment of inertia [in.4)

Tensile stress [PSI]

B a Beam wi dth [in.)

The rationale for using static equations for a dynamic condition
follows from assuming that the total work done by a falling object is
determined by total transformance of kineti c energy of the equivalent
impact spring. By dividing the falling object_weight by the spring
constant , the equivalent static deflection term is introduced into the
final equations.
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Then, utilizing Section 4 for Condition No. 88, the following analysis
was performed (assuming: I a 2c3B/3) , where

W a 60.7 lb.
c a 0 443 in.
I a  0.464 in.
B a 8 . O O ifl.
E 320,000 psi
L 36 in.

a 9300 psi

and utilizing the above equations:

H = 63 in. (from eq. 3)

6 a 7.11 in. (simple supported) ( from eq. 5)

6 = 3.55 In. (fi xed ends ) (from eq. 6)

To ensure that Specimen 4 would fracture under the impact load , this
calculated drop weight height was more than doubled . The test hei ght
selected was 11 feet. For the heavier specimens , 1 and 2, 20 feet was
arbitrarily selected.

TEST SETUP

One test fixture, constructed from standard “erector set” beams ,
turnbuckles , tension rods, and pull—off fittings , was to be use d for all
tests. The setup for static, dynami c and drop tests is shown in Figure 8,
and the damping test setup i s shown i n Figure 9.

Loading Methods

The damping test specimen loads are appl ied as shown in Figure 9.

The specimen was i n-stalled between rig id supports bolted to the test

f i xture. The lateral applied load (P) deflected the specimen a gi ven dis-

tance at which time the loading bracket was released , and the oscillation-

damping characteristic was recorded.
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(I) Test Specimen

______ 11 (
~
) Temperature Control Box

~~~~ L.~ 
~~ ;::r~~~~ Fi tt ing

‘
~ ® Sliding Fitting

~~~ ~~~~~~~~~~ ~~~ ® Stationary Fi tting

- 

S

. ~D Loading Bracket or Cab le

17 ~J Hydraulic Actuator

f ® Wh i ffletree

Drop ~~
) Wei ght (60.7#)

Height,.. (~) 
(jj ) Test Fixture

I / (1J) Load Cell (2000# Cap.)

— — .L_, Closed System
Cold Air 

~~~~ C — ~~ 
( )  

~~~~
- Air Exhaust

I - 

(5~~) -~~

_______ 

~ 

_ _ _ _ _ _ _  ______ 

Dif-

111111 ferential Transducer)

(13 Quic k Release
L~J Mechani sm

) [ 
~~~~ ____ 

Release Pin

Catc h Mechani sm

Bungee Cord

Figure 8. Test set-up .
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~ ~ Puil to

Re~ ease

Initial
Displacement

Cable

I 
______________

— .
~~~~ Static Load, P.

J Load pull—angle was chosen such
that the load cable was norma l
to the beam tip curvature at the
desired Initial displacement, to
prevent premature disengagement
of release bracket.

• p .

Specimen
Steel Spacer

~(1gid Support

- 
Spacer

J 
4 

_ _ _ _ _ _ _ _ _  ,
/_ Test Fixture

\\\\

Note : Temperature control box was omitted in this view for clari ty.

Figure 9 . Test setup for specimen damping.
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The dynamic and static loads are appl ied by a hydraulic actuator

mounted di rectly under the 36—inch beam specimen at mi d—span. A

two—point cable whiffletree distributes the load equally to the two
load points on the speci men. A mechanism was installed in the loading

system to qui ck—release the applied load in order to obtain the required
dynami c condi tions.

The impact load , desi gned to be appl ied by a hemispherica lly ended

lead cylinder 7 inches in diameter, is gui ded to the target area by

• cables .

Env i ronmental Control

A temperature-control chamber made of 1/2-inch plywood with a
peripheral air seal was installed over the upper surface of the 36-inch

specimens. A similar chamber was constructed to enclose the damping

test specimen. An environmental control machine with a temperature

range of —100°F to 272°F circulated air at the gi ven temperature through

the temperature—control chambers. The temperature level was controlled
by thermocouples located in the supply and return lines. An alternate

temperature monitoring and controlling thermocouple was installed on

the surface of each specimen.

L)ata Acquisition

A pen recorder documented each specimen ’s temperature history . Loads,

strains and beam deflections were recorded by an oscillographic recorder.

A hi gh—speed camera recorded the drop weight results in order to define

the specimen’s vibratory shape for correlation wi th the oscillograph

records.

A test data sheet for each test condi tion is shown in Appendix B.

TEST PROCEDURES

The test procedure for each type of test is described in the following

paragraphs.

30 



- 

L _ _ _ _ _ _ _ _ _ _ _
Damping Test Procedure

The damping tests were permi tted to be the fi rst tests since these
test specimens were available. The specimens were set up as shown in
Figure 9. The procedural steps used were:

1. Verify specimen number, temperature, deflection, or load
condition to be included in each specific test.

2. Notify the Instrumentation Group of test start time ; start
recorders.

3. Attach deflectometer extension cable to top end of specimen
(typical).

4. Install envi ronmental control chamber over specimen (if
required).

5. Turn on hot or cold air machine and bring specimen to steady—
state temperature gradient; hold this temperature for 6 minutes .

- 

• 6. Remove environmental control chamber and shut off machine.

7. Position quick—release bracket to top edge of specimen (see
Figure 9).

-8. Check out the specimen instrumentaticn for proper operation

and cal ibrati on—step at test temperature.

9. Apply load to deflect beam free end 1/2-inch from its relaxed
(stress-free) position.

10. Record the load required.

11. Detach deflectometer extension cable at top end of specimen;
note any change in load.

12. Increase strain chart recorder speed for free-vibrating beam
- . 

test (approximately 16 inches per second chart speed).

13. Quickly release beam end.

14. Check recording for accuracy.
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P IS. Examine specimen and instrumentation for damage.

16. Change over for next condition.

Note: Steps 6 through 13 took approximately 30 seconds.

Static/Dynamic Beam Test Procedure

Instrumented beams , Specimens 1 through 4, were set up In accordance
wi th condi tions listed in Table 4 and loads appl ied as described in the
test load requirements. The static load , P was applied in increments

until the maximum stress, as specified in Table 4, was attained.

The specimen instrumentation was checked for proper operation and
calibra tion at test temperature. Steady—state temperature was achieved
before the test proceeded and precautions taken to limi t the load time
during the high—temperature test.

After reaching the maximum desired static load , the load quick-

release mechanism was activated. This procedure provided the dynami c
response data.

1. Verify specimen number , temperature, deflection , or load - •

condition and end condi tion- to be included in each speci fi c test.

2. ~1otify the Instrumentation Group of test start time and turn

on recorder.

3. Install environmental contro l chamber over specimen (if required).

4. Turn on hot or cold air machine and bring specimen to steady-
state temperature gradient , hold this temperature for 6 minutes.

5. Preload hydraulic actuator to 50 pounds .

6. Shut off temperature control machine.

7. Remove envi ronmental control chamber.

8. Cal ibrate each strain gage channel ; observe and check recorded

cal ibration steps.
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9. Pump actuator to obtain desired load or deflection.

10. Obtain approval from engineering for all recordings.

li. Increase strain chart recorder speed for dynami c test
(approximately 16 inches per second chart speed).

- - 12. Actuate quick release mechanism.

13. Check recording for accuracy.

14. Examine specimen and instrumentation for damage.

• 15. Change over for next condition.

Note: Steps 7 through 12 took approximately 20 seconds

Impact Test Procedures

After completion of the static/dynami c beam tests, Specimens 1 , 2
and 4 were set up for the drop test at room temperature. Fi gure 8 shows
the test setup. The hydraulic actuator (8), whiffletree (9), cable (7),
and hood (2) were removed for the impact tests (numbers in parentheses
refer to parts shown in Fi gure 8). The following procedural steps were
then applied:

1. Veri fy specimen number and edge condition.

2. Preload bungee cord and instal l release pin ; check for
proper arming of the drop weight catch mechanism.

3. Check the center alignment and conformation of the drop
weight guide cables .

4. Raise the 60.7-pound drop weight to the designated hei ght above
the specimen upper surface.

5. Start recorders and check out each strain gage calibration stop.

6. Increase chart recorder speed to approximately 20 inches per second

and actuate hi gh—speed camera (for Specimen 2 only) and quick
release drop weight mechanism.
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7. Check chart recording of strain versus time for accuracy .

8. Change over for next condi tion.

-
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SECTION III
TEST INSTRUMENTATION STUDIES AND DEVELOPMENT

A purpose for this series of tests was to develop Instrumentation

techniques for measuring the strains and damping characteristics of
monol ithic and laminated transparency materials under applied l oads.

This section describes the rationale for the instrumentation selected ,
the development necessary to attach strain gages and thermocouples to

• transparency materials , the analysis to defi ne strain gage optimum loca-
tions , and the equipment required for data documentation.

INSTRUMENTATION SELECTION

This series of tests utilized strain gages and thermocouples attached
to various transparent materials. These materials included glass , acryli c,
and polycarbonate.

Instruments considered to be standard are:

o Linear Variable Differential Transformer (LVDT)
• o Deflectometers

o Load Indicator Cells
o Load Indicator Spring Scale
o Recording Equipment.

Selec tion of Stra in Gages

The selection of strain gages for applicat ion to the various beams

in this series of tests had to be directed toward future applications to

full size windshield systems that mi ght be subjected to hi gh strain

response under the impact of four-pound birds at velocities up to

950 feet per second.
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Additiona l constraints on the selection of the strain sensor systems
were :

o Gage and installation had to be of low mass
o Gage had to be reasonably temperature compensated
o System had to be capable of withstanding shock env i ronment.

A set of general requirements was then established as follows:

1. Materials used in contact wi th transparencies must be compatible.
Solvents , cements, gages, wiring, or sealants can not affect the
transparency material mechanical or optical properties.

2. Transparent materials used must have high elongation properties;
therefore , the bonded sensors, strain gages, thermocouples,
and cements must also have elongation capabilities .

3. Sensor assembl ies embedded in laminated transparencies must be
a design that will not produce signifi cant occlusions in the

• laminate ; creating neither debonding between the sensor and
transparency, nor stress risers or delaminations that would

affect the structural integri ty of the laminate.

4. Shock due to impact must not create failures (sensor debonding

or lead wire detachment) in the sensor systems.

5. Sensor materials must be capable of wi thstanding temperatures
in the range of -65°F to 272°F.

6. Strain sensor output signals must be recorded in millivolts

versus time. It was estimated that time in milliseconds should

be used for the beam test specimens , but microsecond measure-

ments mi ght be required for bird impact tests.
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Strain gages and thermocouples are manufactured in many different
shapes and with the direction of the lead wire terminating at different
angles with respect to the gage axis. Therefore, for this series of

tests convent ional gages and thermocouples were chosen for exterior
applications where lead wi re direction was not important. The selection
for embedded strain gages had to be made so that the gage lead wires
would be of minimum length in the laminate.

External Surface Mounted Strain Gages

The “post yield” strain gages for mounting on the external surfaces
were Micro—Measurements (M—M) Part Number EP—08—125AV-l20 Option B-64.
These gages were required for strains predicated for the beam static and
impact tests. The M—M Part Number EA—13—125BZ—350 Option W strain gages
used for the damping beams were conveniently available , and were used

• because high strain rates were not expected on these parts during testing.

The Option B—64 strain gage has a ribbon tab approximately four inches
long; thus, precluding the possibility of damaging either the transparency
material or the actual gage due to soldering of the leads. Although

• there were some objections to this long ribbon tab design concept, namely
geometry and mi smatch of temperature compensation, it was decided to use
these strain gages since time constraints and cost factor for new gage
development were not acceptable. The long flat copper coated ri bbon tabs
of approximately 4 Inches in length allowed close proximi ty of the gage
package to the specimen surface and the wire attachment mass to be located

away from the strain measuring points .

— 

After installation , the EP—08—125AV—l20 Option B-64 strain gages

were cal ibrated by checking the data output from the gage, using a 6250 ohm

cali bration resistance and utilizing the following equation (noted in
Reference 3):
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tCAL • (GF) TNT (Rc + RG)

-

~~~~ where :
RG Strain gage resistance , 120 ohms

Rc Calibration resistance , 6 ,250 ohms
-
~~ 

-

~ GF = Gage factor , 2.08
N • Number of active legs , 1

CCAL58 • Strain calibration for the stati c beam, p in./in.
hence ,

= 9,057 JL- lfl./in.
SB

After installation, the M—M Part Number EA13—125BZ-350 Option W
strain gages were calibrated. Four active strain gages were wired into

a full—br idge bending installation , so that~a11 strain gages indicated

the accumulated strain. This strain signal was then divided by four to

provide an average strain gage output. The gages were calibrated by

checking the data output from the gages using 50,000 ohm calibrati on

resistance and the following equation .

RG
~CAL58 

= 
IGF) (N) (Rc + RG) 

‘ (8)

where :

RG 
= Strain gage resIstance, 350 ohms

Rc Calibration resistance, 50,000 ohms
GF = Gage factor, 2.12

N = Number of active legs in the bridge, 4

LCAL Strain calibration for damping beam, ~ in./in.

hence,

tCAL 820 p. in./In.
DB
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Embedded Strain Gages

The strain gages selected for embedding within laminated transparency
specimens were M—M Part N~.mber EP-08—Sl128—l20 Option 78. The Option 78
strain gages are i denti cal to the Option 13—64 strain gages, except the
axes were turned 90 degrees to each other relative to the lead wires
contained in the ribbon tab.

These strain gages had to be bonded to the monolithic plies of the
laminate prior to lamination . Since plastic components of transparencies
are not cut to final size unti l final lamination , problems occurred for the
vendors . The vendors trinined the specimens to within 1/4-inch of the
ribbon tabs and then had to trim the plies by hand. Frequently, the
vendors , because of the thin ribbon tabs, acciden tly cut the tabs off.
When this occurred, they had to di g out some of the interl ayer and solder
wires to the ribbon tabs. Duri ng the methodology development at the
var ious vendors , i t was determined that stra in gages coul d be embedded
in the laminate for flat or slightly curved parts . For parts that
were compound contoured or formed to a sharp radi us , it was felt that
strain gage wiring would have to accomodate large amounts of stretching
to be operative , thus the wi ring method used for the specimens during
forming would leave the gages inoperati ve.

The Option 78 strain gages were calibrated in the identi cal manner
noted for the Option B-64 strain gages.

Selec tion of Thermocoup les

For thi s ser ies of tests , both foi l type and crimped wire type of
thermocouples were used. The external mounted foil type thermocouple
shock res i stant requireme nt predi ca ted the same method of attac hment
as that used for the external strain gage. These gages , Part Number
20l l4—L1O , Type T, manufactured by RdF Corporation , 23 Elm Aven ue ,
Hudson , New Hampshi re, 03051 were installed by Douglas. The selected
internal temperature sensors were Douglas fabri cated thermocouples
made from copper—constantan wire whose thermal sensor junction was
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twisted and crimped in accordance wi th the Instrument Society of Ameri ca
(ISA ) standards. These “wire made” thermocouples were used due to the
lower cost factor. The vendors, PPG and Sierracin , embedded these inter-

lamina te temperature sensors in contact with the structural ply surfaces
by holding the sensors wi th the PPG—l12 interlayer sheet material and by
pre—bonding the sensor to the structural ply with Sierracin S-100 silicone

• material , respectively.

Standard Instrumentation Components

The selection and development of strain gages and thermocouples as
an important part of this test program justified the foregoing presen-
tation in this report. The standard l aboratory instrumentati on require-
ments and applicati on techniques will not be presented in detail in this

report; although , a brief description wi th schematics of peri pheral equip-

ment is presented. Some items of instrumentation have been i dentified
as described in the Test Setup descripti ons noted in Section II.

STRAIN GAGE AND THERNOCOUPLE ATTACHI- -1ENT DEVELOPMENT

• Currently, polycarbonate has the greatest potential for meeting the
requirements imposed by high energy transfer occurring during bird strikes ;
however , the mechanical propert ies of the mater ials are eas ily and cuickly
degraded by contact with many coniiion chemicals.

The presentations that follow detail the materials investigat ion

and devel opment for bonding the strain gages and thermocouples to

polycarbonate materials and the techniques evolved to prevent the lead

wires from tearing the gages loose under hi gh impact load.

Strain Gage and Thermocouple eonding

A library survey was made of the airframe industry , the A i r Force ,

technical socleites , and vendors in an endeavor to find a suitable method

of bonding the strain gages to the polycarbonate. The method selected
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had to have inherent features that would not cause polycarbonate degrada-
tion, would retain the gages and thermocouples , and would not impair the
elongation and yield capabilities of the gages or the surface preparati on
bonding and sealing materials.

Surface Prepara tion

- 9 Gri t-blast and chemical etching methods were not allowed since both
methods would affect the material properties of the plastic substrates.
Only Freon cleaning and light sanding were found to be acceptable. A
400 gri t silicone carbide paper rather than coarser gri ts was used, as the
polycarbonate tends to “gum” when extensively abraded. Chemical surface
condi tioners were not allowed. Distilled water was used to purge the
polycarbonate surfaces of particle and chemi cal residue. All surface
preparation was accomplished i the cleanest environment practical.

Selec tion of Bonding Material

Adhesive used in bonding strain gages to polycarbonate material were
- 

-
~ thoroughly investi gaged and evaluated from various standpoints . The

cured adhesive system had to have sufficient elongation capability to
withstand the high deflection during bird impact test; to be capable of
withstanding extreme temperatures and thermal shock condi tions ; to be
compatible with polycarb~~ate mater ial.

The curing and handling characteristics of the adhesive system were
evaluated for ease of application with respect to time and temperature
required for curing.

To determine the stress craze effects of var ious adhes ives , a series
of tests were performed, in accordance with MIL-P-83310, to the
follow ing:

1. A series of 1” x 7” x 0.250—inch craze test specimens were

machined from fusion bonded polycarbonate made from polycarbonate

sheets per ?IIL-P-83310.
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2. The specimens were annealed and conditioned for two (2) hours

at 120°C (248°F) in a circulating air oven and followed by

48 hours at standard testing conditions.

3. The craze test specimens were placed in a cantilever beam

fixture as shown in Figure 1 of MIL-P-833l0, and the load
necessary to produce a minimum outer fiber stress of 2000 psi was
applied. After a ten (10) minute load period , the test
material was applied to the specimen over the fulcrum and
allowed to remain in contact for 30 minutes . At the conclusion

of the test period the specimen was removed and the fluid
wiped off. The polycarbonate specimen was then visually
examined for crazing.

The materials tested and the test resul ts are shown in Table 7. The
materials were then tested by cementing strain gages to polycarbonate
specimens. The results of this series of tests are shown in Table 8.
The elongation , temperature range, and minimum cur ing requi rements were
obtained from vendor supplied data. The other data was from informal

tests conducted at Douglas.

The two materials determined to be acceptable for strain gage and

thermocouple attachment were M—aond AE-l5 and 11-Bond GA—2. Both are

two—component , room temperature adhesives.

Selection of Sealant Mater ials

In addition to determining a material for bonding strain gages to

the transparent materials , it was also determined that the loose wires

must be attached to the specimens for routing and to meet shock resistant

characteristics. For this application , comercially ava i lab le sealants
were evaluated.
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RTV 11 8 silicone sealant was tested, as noted in Table 7 , and found

to be an acceptable material. Further , conversations wi th three trans-
parency manufacturers revealed that RTV 630 silicone sealant was also

compatible with polycarbonate.

Silasti c S—l40 silicone sealant was found to be an acceptable material

for adhering the strain gage and lead wires to glass and metal parts;

however, 5—140 sealant has acetic acid as a component which may or may
not be compatible with polycarbonate or acrylic materials.

TABLE 7. STRESS CRAZE EFFECTS OF VARIOU S BONDII-IG
MATERIALS ON POLYCARBONATE

OUTER FIBER
BONDING MATERIALS STRESS LEVEL

OR SOLVEdTS (PSI) CRAZE EFFECTS

Isopropyl Al cohol 3750 Incipient Crazing

M—Bond 4313 Adhesive 3500 Severe Crazing - 5 Minutes

M—Bond 600 Adhesive 3500 Severe Crazing - 5 ifinutes

1~1-Bond 610 Adhesive 3500 Severe Crazing

~1-Bond 200 Adhesive 3500 Extreme Craze —

M—Bond 200 Catalyst 3500 Instant Craze on Contact

~‘1—Bond GA—2 Catalyzed 3000 No Craze

RTV 11 8 Silicone 3750 No Craze

~1-bond AD—l5 3750 Severe Crazing
(Epoxy + Hardener)

H-Bond AE-15 2500 No Craze
(Epoxy + Hardener)

Hardener 15 3750 Instant Craze

Epoxy + Hardener 3750* No Craze

*Appl led after 18 hours

43 

—_-•-—--——--—- -_ - -- - - - - --—----- — --_~~~-— ~~~ - - - ~



— -

~ ~

--,--• 

~~~~~~~~~~ 

~
— r- .~~~~~~~~~~~ ., . _ • •  

‘ ‘
~
‘i

~:~~~
— 

~~~~~ 

.-•----.-.

H
—

0 -.
~~0 in a’. 4-’
0 I  0 U - I J~~~~00 0 0 ~D S.- ‘V00 0.Z < 0< 0Z r-. O Lfl . a;

Ifl C~J ~0 ~~ (.D ~~ 0. ~
______ ______ — — — - U,

• ‘V
4-’ ~0 E
z t

• 
.
~~ ~~~ 0
~~~C’4 0 .~~~ PP
0 ’  • 4-’ .— U
~~< I— “0 <I c.D • 0 U- U. . Z

4 X ~~~ 00  0 • 0 I.csj~~ 0~-.- < 0< .
~~~ E

C~) 0 t.fl • ~.. 0 .. ‘V 0
• C’J .— ~~~ ~~~ C.D ~~ U- S..

‘4-— — —

0 ..  C
LU 0 • lf lU ,• —
4/) I • -
Li < Ui.-. L) Or- .

— ~~ w ~~~i-. U
~~ U- I < U, • 0 U- U- U- 0’,_. — = — ~~ 00 0 0 ~~ V I. S... ‘V
= S U, 0 0 ~~~ 0 Q .,- •.- 0’LU ~~ 0 ~~R V 0 Lt) C\3 0 0 ‘V ‘V
~~~ LU . ( )  I C~J .- — C.~ (~ U- U.
Li 0
L) ‘V

5-
~~~ 4-’

C • • . U) in
— Li 00 I.- S—~-. 5-

• • • • 0 U- U- a;
LU I .0 ~~ _.I 00  0 0 0 0 5- S..0 5-) 0 0 - 0 0 0  

~~
- .0

‘V 0 . 0 0 0 ‘V ‘VC~~I C ~~~~~~~ I Lt) C J ~~~~ ~D (~~~0. U-
• U.’

• 
_ _ _  ___ — ——  __ _ _ _ _

0 ‘V-
~~~ 

. . . 4..’ U)
~ i— i-- a-• S.. >,

— 0 0 • • . 0 U.. U- ~~ —0 ~~ ._J 00  0 0 0 0 5- 5..
‘0 U) 0 ~~ -C 0 0 0  ~

- ‘VI-. = ~4 ~~~ ~~~ 0 £ .  0 0 0 ‘V .
~~
. in in

C., C~~ — p u )  .— ‘V C.~ (0 0. U.. u a; a; in
5.- 5_ 5 - a ;

_ _ _ _  _ _ _ _  a; S.-
. E 4.’ -4.’

-~~ E ‘V ‘V 44
S.. 0’ 0 5 - 5 - ( D

I.,. ’ .— in 0 o a; a ;’0 0 ~~~ a; ~~ 44 44- .. 0. 0. a;
C 0. -  u) . —  = C C ø~ E E 0.
0 00 ’  44 . 0 U 4-’ U 0 S.- a; a; Ep.... ~~ (~4 I 4.’ 4.’ 4-1 0. U) ‘V ~— I— a;

LU ,~~~ U.. .,_ 44 •Z in 5- .C 0 o C) S.. 5. a; .,
~~ in

.0 4.1 00  C 0 0 0 U X a; in 1. 44 0’ 0 ~5 . E~. - c ~~u) 0 0 0 0  X w S . . 0 0 C — 0 0U. a; Z I. .— ~~ 0. c~ 0. LU 0.0. 0 ~~ .... ‘— _ _  C C
a; a; II PP

C >. U
. 0  0
4.’ ‘V .p~ >~ ~~ p... 5.... 5—p - o w  44 .0 =4.’ .J 0  ‘V 0 = ~~ —i

U- 0’ C ‘ V U0 C ‘V > , 0 0 . —  a;
4. •

~~~ 4. 4.1 44 ~~ _J .

4. U —~~ S~ 4.’ ~fl 
. 0. .—• C 0’ ~~~ .- 0. 0.

0 C~~~ L) CJ Vi •
~~~ 0.

‘ V U  E U .0
44 44 

~~ 
C) •q~~ 14- 4/)

‘V 4-’ 00) 
~~~~~~~ .~~ ‘V ‘V

~~~~~~~ ~ U 0. a; 4.4

0 E Q  Ca -  0 Ec in ‘Va; ~4 •‘- a; .C 0’-. ‘V 0
LU I-. — ~~ 4/) C..) 0. 44

44 

-- - - -—-~~~~~~--- ---~~~~~~~~- --•- -- — - - - - -  .4



All three sealants are room temperature curi ng and can be applied
in accordance with the l abels on the material.

Primers were not used prior to the application of sealants because
the sealants adhered adequately to the polycarbonate and acrylic.

Lead W i re Shock Res istance Development

The prime requisite of the instrumentation for this series of tests,
and any high impact tests, is to demonstrate strain gage and thermo-

• couple retention when the mounting surface is subjected to large deflec-
tions and hig h level impact load.

I 

•~ During an impact , if the lead wires are not secured to the specimen ,
the mass of the w i res , solder joi nt, and ribbon tab could pull the strain
gages loose. It is not as important that the thermocouples remain secure
at impact , because the temperature at the instant of impact would have
been recorded. It is important that the strain gages remain secure
and are readable during this critical event.

It was determined that for static l oading and minor impact forces

an acceptable installation could be accomplished by installing a block
of styrofoam below the ribbon tab and encapsulating it with sealant ,

as shown in Fi gure 10.

Under high impact forces , the added mass of the sealan t causes the
b lock to “jump” about four inches. This action hyper—extends the ribbon

tab, thus, causing gage failure .

To eliminate the hyper-extension of the ribbon tab a free space loop

of approximately one inch was made and the solder joint juncture was
mounted on a pad of sealant. This method generally worked for most high
impact condi tions. Refer to Fi gure 11 for the installation.
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FIgure 10. Styrofoam block shock absorber.
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Figure 11. High Impact shock resistant gage installation .
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STRAIN GAGE AND THERMOCOUPLE INSTALLATION PROCEDURES

At the conclusion of this investigative effort, a series of require-
ments and installation procedures were developed. Applicable procedures
were then included on the specimen drawings , in tes t p lans , and in pro-
curement specifi cations.

• - The following subsections utilized these developed procedures.

* Damping Beam Instrumentation Installation Procedures

Requirements and procedures for installati on of strain gages were
• 

- 

deve loped for application to the dampi ng beam specimens. The procedure
was applicable to both acrylic and polycarbonate specimens. The p rocedure
was also applied to the glass specimens except standard glass cleaning

procedures were utilized.

The instrumentation installation procedures for external bonding of
strain gages to the damping beams are as follows :

1. Solder No. 28 AWG., Teflon Insula ted, 6 feet long, lead wires to

EA—1 3—125BZ-340, Option W (or equivalent) strain gage ribbon

tabs with M—M 36lA—20R (or equivalent); CAUTION : Solder prior

to cementing gage to specimen.

2. Position strain gage ribbon tabs to allow a one—inch l oop, and

at solder joint juncture provide a base of sealant. Encapsulate
junction with sealant and attach leads to specimen with sealant.

3. Strain gages are to be bonded to the specimen surfaces using M-M

tl Bond GA-2 adhesive system per M—M Instructi on Bulleti n B-137-2

— wi th the following exceptions:

Par III Step 1 — CAUTION : Do not use Chiorothene Hu.
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H Step 2 - Use 400 grIt silicone carbide paper
in place of 270 or 320. CAUTION :

I
i~- Do not use conditioner.

Par IV Cure one hour at 200°F to Insure bond.

Par V No protective coating required.

4. Sealant to be RTV 118 (or equivalent).

5. Use isopropyl alcohol to clean polycarbonate.

6. Use naptha to clean acrylic followed by cleaning with a
detergent soap and water.

• 7. Clean glass with a detergent soap and water.

8. Bridge - full bridge to measure bending strains.

9. Strain gages will be acceptable when:
. Electrical continui ty is maintained.

• Grid to specimen resistance is 10 megohms or
greater.

. Strain gage resistance is approximately 120 ohms
plus or minus 2 ohms.

A typical strain gage installation to a damping beam specimen is

shown in Fi gure 12.

Beam Embedded Instrumentation Installation Procedures

Procedures for installati on of strain gages and thermocouples were

developed for the respective vendors to laminate strain gages and

thermocouples internal to the 36—inch beam specimens and are as follows :
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Figure 12. Typical damping beam strain gage tnstriinentation detail.
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1. Solder No. 28 AWG., Teflon insulated , 6 feet long, lead wi res to
EP— 08—S1128—l20 Option 78 (or equivalent) strain gage using
M—M 361A—20R (or equivalent); CAUTION : Solder prior to cementing
gage to specimen.

• 2. Strain gages and thermocouples to be bonded to their respective

• panes wi th AE—15 adhesive system per Micro-Measurements Instruc-
tion Bulletin B—137—2 with the following exceptions:

• Par I-Il Step 1 — CAUTION : Do not use Chiorothene Nu.

Step 2 — Use 400 gri t silicone carbide paper in
place of 220 or 320. CAUTION: Do not

use conditioner.

Par IV Cure 6 hours at 150°F to insure bond. Pos t cure during
panel curing cycle at panel curing temperature.

Par V No protective coating is required.

• 3. Confine preparation and cement areas to approximatel y the gage

area.

4. Use clean room.

5. Clean lead and surface area of strain gage gri d and thermocouples
just before laminating process to avoid surface contaminants
affect ing both leads, grid and l aminate materials.

6. All gas bubbles must be carefully pressed out of cement-gage
assembly during cementing process. Hi gher clamp ing pressure during
curing than reconmiended by Micro-Measurements may be required .
CAUTION : Take care not to damage gage.

7. Strain gages will be acceptable when :

• Electrical continuity is maintained.

• Grid to specimen resistance is 10 megohms or greater.
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• Strain gage resistance is approximately 120 ohms

plus or minus 2 ohms.

• Visual inspection of beam assembly indicates strain
gages are completely bonded to specimen surface
indicated on the respective drawing.

8. Internal copper—constantan thermocouples will be acceptable
when:

• Continuity is maintained.

• Thermocouple is bonded di rectly to surface indicated

on the respective drawing.

9. The vendor must provide adequate means of protecting the

instrument leads from damage during handling.

10. When CIP interlayers are used, the thermocouple must be bonded
-: to the structural ply.

Externally Mounted Instrumentation Installation Procedures

Procedures for installation of external strain gages and thermo-
couples on the 36—inch beam specimens are as follows :

1, Solder No. 28 AWG., Teflon insulated , 6 feet long lead w i res
to EA—l3— 125BZ—350 Option W (or equivalent) strain gage using
M—M 361A—20R (or equivalent); CAUTION : Solder prior to
cementing gage to specimen.

2. Strain gages and thermocouples to be bonded to their respec-
- . tive specimen surfaces with AE—15 adhesive system per Micro-

Measurements Instruction Bulletin B—137—2 with the following

exceptions:
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Par 11! Step 1 — Do not use Chlorothene Nu.

Step 2 — Use 400 grit silicone carbide paper
In place of 220 or 320. CAUTION:
Do not use conditioner.

Par IV Cure one hour at 200°F to insure bond.

Par V No protective coating required.

3. Confine preparation and cement areas to approximately the
gage area.

- 

- 
4. Use clean room procedures in handl ing and installing the

strain gages.

5. Clean lead wi res and surface area of strain gage grid and
thermocouples just before bonding to specimen to avoid surface

— 
• 

contaminants affecting both grids , leads and specimen surface.

6. All gas bubbles must be carefully pressed out of cement-gage

assembly during bonding process. Higher clamping pressure
during curing than recomended by M-M may be required .

CAUTION : Take care not to damage gage.

7. Use isopropyl alcohol to clean polycarbonate.

8. Use naptha to clean acrylic followed by cleaning with a deter-
gent soap and water.

9. Clean glass wi th a detergent soap and water.

10. Clean strain gages, thermocoup les , and lead w i res , if required ,
in accordance with normal laboratory procedures.
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11. Bend exposed ribbon tabs from embedded strain gages and bond
to specimen edge wi th RTV 118 (or equivalent) , as shown in
Figure 13.

12. For static or low impact specimens, a 1/2—inch cube of styro-
foam may be placed under the ribbon tabs and bonded to tne
specimen with RTV 118 (or equivalent) sealant. Pot around
gages and block wi th RTV 118 sealant.

13. For high impact specimens, a 1oop of approximately one inch
must be accomplished. Bond and pot ribbon tab in area of solder
joint terminals to specimen with RTV 118 (or equivalent) sealant.

14. Strain gages will be acceptable when:

• Electri cal continuity is maintained.

• Grid to specimen resistance is 10 megohms or greater. -
•

• Strain gage resistance is approximately 120 ohms plus
or minus 2 ohms.

• Visual inspection of beam assembly Indicates strain gages
are completely bonded to specimen surfaces indicated on
the respective drawing.

15. Copper—constantan thermocouples will be acceptable when :

• Continuity is maintained.

• Thermocouple is directly in contact with surface indicated
on the respective drawing.

- ~~
- 16. Extreme care must be taken to protect instrumentation from

damage during handling.
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Figure 13. Typical 36-inch beam Instrumentation details.
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Typical strain gage and thermocouple installati ons to 36-inch beams

are shown in Figure 13. -

OPTII1IZED STRAIN GAGE LOCATION SELECTION

Subsequent to the strain gage selections and installation developments,
a series of studies were undertaken to establish the optimum l ocations for
strain gages for the damping and 36—inch beams .

Damping Beam

• Four acti ve strain gages were wi red into a full—b ridge bending
installa tion where two strain gages were installed on each side of each

damping beam to provide a balanced electri cal output. As shown in
Figure 12, the strain gages were located as close as practi cable to the
base of each specimen where maximum strains would occur and the center
of each specimen to minimi ze the edge effects on the strain gage readings .

Thirty-Six-Inch Bending Beams

- -: In an endeavor to select optimum locations for strain gage installa-
tions for the 36—inch beams , shear, bending moment, and deflection
analyses theories were utilized.

The bending beam test condi tions varied from simply supported ends
to totally fixed ends. The two theoreti cal extreme conditi ons are
Illus trated in Fi gure 14.

Even though the various beam end conditions noted in Table 5
ind icate a vast di fference, it is doubtful that actual conditi ons would
total ly match either theoretical extreme, but in most cases would be

somewhere in between.

The conventional deflection and moment equations that apply to

these diagrams~ from Reference 2, Pages 193 and 254, are presented in
the following discussion . -
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1. For simply supported beams: -

a. The maximum beam center defl ection is:

— 23Pa3
8 — 24E1 •

b. The maximum bending moment occurs in the constant bending
moment section between the two load points . This bending

• moment is:

~nax = Pa . (10)

c. The bending moments at the beam ends are zero for simply
supported beams.

2. For fi xed-end beams:

a. The maximum beam center deflecti on is:

~~ 
5Pa3
24EI (11)

b. The maximum negati ve bending moment occurs at the beam
fixed ends and Is:

= -~~-Pa . (12)

c. The maximum positive bending moment occurs between the
two load points and is:

- Pa
JI• 

3

where:

P Load (pounds)

a 1/3—beam segment lengths (in.)
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E Modulus of elasticity (psi)

I • Moment of inertia (in.4)

8 • Beam center maximum displacement (in.)

K Bending moment (in.-lb .)

Since the loaded beam strains are assumed to be proportional to its
bending moments, strain diagrams can be constructed that are proportional
to the conventional simply supported or fixed-end beam moment diagrams .
Therefore , the moment diagrams shown are representative of the relati ve
strain magnitudes. By observati on and an overlay comparison of these
diagrams , the optimum locations for placing a minimum number of strain
gages along the beam length can be determined. The gages should be
placed away from the predicted zero strain reading areas; such as,

the beam ends for the simply supported beam and the inflection point
for the fixed-end beam.

• The strain gage optimum locati ons selected are shown in Figure 15

for both external and internal surfaces. Fi gures 16 and 17 indicate
the locati ons for the strain gages and thermocouples within multi l ayered
specimens .

I NSTRUMENTAT ION DOCUMENTAT ION

The damping and 36—inch beams strain , temperature, load , and deflection
sensors with their associated recording equipment are described in the

following subsections.

~)aniping Beam

The damp ing beams were instrumented wi th four act i ve stra in gages
(Micro—Measurement Part Number EA—l3—125BZ—35O , Option W) that were

wired into a full—bri dge bending installation , so that all strain gages

indicated the accumulated strain. This signal was then divided by four

to provide the average strain output. Refer to Figure 12 for the strain
gage locations. A schematic diagram of the full- —bri dge bending measure-
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ment ci rcuit and its associated equipment and recorder are shown in
Fi gure 18. A thermocouple was secured to the beam surface to monitor
its test temperature. A 2000—pound capacity load cell sensed the load
requi red to deflect the 0.625—inch thick glass beams. For low loads
applied to damping beams, standard spring scales were used. The beam
tip displacement was measured with a rotary potentiometer with an
extens ion cable, manufactured by the Transducer Control Company.

Thi rty—Six—Inch Beam

The 36—inch beams were instrumented with both external and internal - 
-

laminated strain and temperature sensors. The external and internal -

strain gages were 120 ohm post—yield strain gage types. Both had 2-inch
long integral ribbon tabs that were copper coated. The external gage
(m—M Part Number EP-08—125AV-120, Option B—64) tabs were trimed from
four-inch ribbon tab lengths , and the gages were mounted as shown in
Fi gure 13. The internal gages (N—H Part Number EP—O8—S1128—120, Option

- 
• 78) had four-inch ri bbon tabs that were 90 degrees to the gage strain

axis. These gages were bonded to the laminate inner structural ply

surface at approximately two inches in from the l ami nate edge. The
ends of the ribbon tabs were folded over and bonded to the l aminate
edge as ind icated in Figure 13.

The strain gage bri dge completion circuit was accomplished by use of
3/4 bridge completion resistors on a dumy panel. Standard bri dge
balancing controls and amplifiers processed the signals from the gages

to an osc i llograph di rect wr ite recorder as depicted i n a typical stra in
gage channel schematic di agram in Figure 19 for the 36-inch beam.

The external thermocouples were foi l type (RdF Corporation Part

4umber 20l14—L10, Type 1) located adjacent to the strain gages as shown

in Fi gure 13. Internal temperature sensors were copper-constantan

wire thermocouples manufactured within the Douglas la boratory . The foil
type thermocouples would have been more desirable for the internal
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temperature sensors , but the addi tional cost was the decidi ng factor.
The temperature sensor signals were processed through a “Leed and
Northrup” temperature strip chart recorder.

t -

The l oad sensor was a bonded resistance strain gaged load ring
(2000 pound load capaci ty) , manufactured by Douglas. Figure 20 show s a
schematic diagram of the load cell channel to the recorders. The beam
vertical and horizontal deflection sensors were Linear Variable Differen—

• tial Transformers (LVDT). The schematic di agram for the vertical and
horizontal sensor channel s is shown in Figure 21. In addition to the
oscillograph strip chart recordings of the beam strains, load , horizontal
and vertical displacement, a sinusodial timing wave of approximately 20
Hertz was recorded. Figure 22 depicts a schemati c diagram of this
timing reference channel .
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SECTION IV 
-

TESTS RESULTS AND ANALYTICAL DEVELOPMENT FOR DAMPING BEAM SPECIMENS

Within Section II a complete presentation was made regarding the Test
Direction pertaining to this enti re series of specimen tests. Included
were the test specimen descriptions , test conditions , test set-up , and

- - test procedures for the damping beam specimens.

The rati onale and final development for the selecti on of strain gages
and thermocouples, as well as the method of documentation for this series
of specimen tests was described in Section III.

• The purpose of the damping beam test series was to obtain test data
for various wi ndshield materials , such that certain damping properties
could be ascertained. Wi thin this section the damping beam test results
and analyses are covered.

• SPECIMEN DEFINITION AND TEST TEMPERATURES

Even though engineering draw ings and test plans clearly del ineate
requirements for vendors to manufacture parts , test engineers to perform
testing , and speci fically def ined test data to be compi led , var i ati ons
always occur . Subsequent paragraphs will define these variations.

Specimen Def ini tion

As noted previously in Table 1 , the engi neering draw ing requi rements
were established for each damping specimen , and Figure 12, Sec tion III ,
illustrates the planned locations of the strain gages.

The actual as-manufactured dimensions are tabulated in Table 9 for
each damping specimen .

Test Temperatures

The damping beam specimens we.re to be tested at the individual
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TABLE 9. DAMPING BEAM SPECIMEN DIMENSIONS

SPECIMEN DRAWING NO. Li* L* 8* THICKNESS*
NO. CONFIGURATION (In.) (in.) (in.) (In.) VENDOR

5 ~5942629— l 17.15 18.03 a.oo t1 = .250 PPG
t2 = .l21

= .254

t k . 625

6 ~5942629—5Ol 17.15 17.97 8.03 t1 = .246 SK
• t2 = .120

• t3 = .248
tk = .614

7A ~5942629—5O3A 17.15 18.03 8.03 0.621 PPG

7B ~5942629—5O3B 11.15 18.03 8.00 0.636 SK

8 ~5942629—5O5 17.00 18.06 8.00 0.250

9A ~5942629—5O7 16.57 18.00 8.00 0.638 PPG

9B Z5942629-507 17.20 18.06 8.00 0.639 PPG

• 9C ~5942629—5O9 —-- 18.00 8.00 0.250 PPG

10 Th942629-51l 17.00 18.09 806 0.679 DAC

11 ( N O T  U S E D )

12 ~5942629-513 [17.o~ 18.00 8.00 0.250 DAC

NOTES:
Refer to Table 2 for material description.

PPG — PPG Industries

SK - Slerracin Corp., Inc.
DAC — Douglas Aircraft Co.

*Refer to Figure 23 for dimension locati ons.
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temperature goals noted in Table 3, Section II. Those specimens , 5, 6,

• 7A, 7B, 10 and 12, that were to be tested at three di fferent temperature
goals as noted in the table, were place d in the test fixture and enclose d

with an insulated container prior to the start of the test. Either hot
or col d ai r, as required, was ci rculated around the specimens to bring
the specimen to the approximate surface temperature goal listed in Table 10.
Th i s temperature, as measured by a thermocouple attached to the specimen
surface , was held for an addi tional six minutes. The enclosure was then

• removed and the test started as soon as was practi cable.

— By the time the test was started, a matter of 30 seconds , the

specimen surface temperature had changed by a measured amount toward room
temperature. One assumption made prior to running the tests was that
this change in surface temperature would not greatly effect the results

because the specimen center temperature was considered to be of greater
importance. This center temperature and temperature profiles were cal-

culated using a thermal computer math model for Specimen 6, Condition 4.

Fi gure 24 shows the computer temperature profiles immediate ly after the
• enclosure was removed and at the time when the test was conducted . The

remainder of the spec imens temperatures were then calcul ated , assum i ng
that the temperature relationship, post—enclosure , and pre-test, woul d
be similar.

The surface temperatures measure d at the start of each tes t are shown
in Table 10. The specimen center temperatures were calculated for
Spec imens 5, 6, 7A, 7B, and 10. Since the aluminum and glass spec i mens
(8, 9A, 98, and 9C) damping characteristics were assumed not to be
appreciably affected by temperature changes , they were tested at room
temperature only.

5 

DATA DOCUMENTATION AND ASSESSMENT

Ouring each damping beam test, data were compiled and assessments

made regarding the accuracy of the test equipment , recording apparatus

and problems associated with the test program.
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TABLE 10. TEMPERATURE GRADIENT FOR DAMPING BEAMS

SPECIM~WTEST SpECYNr N SPECIMEN SURFACE CENTER OF
CONDITION NUMBER TEMPERATURE IEMP (°F) SPECIMEN - TEMP (°F)
NUMBER * GOAL ( F )  (MEASURED) (CALCULATED)

1 — 35 — 1 0  — 32
2 5 75 65 65
3 195 127 180
4 — 3 5  — 1 0  - 3 0
5 6 75 76 76
6 195 162 187

7a - 3 5  - 2 0  — 3 3
8a 7A 75 75 75
9a 195 171 190

7b — 35 — 21 -34

8b 78 75 66 66
9b 195 172 

— 
190

ila 75 75 75
lib 8 75 75
89a.3 75 75 75

89a.6 9A 75 75

89b.l 75 78 78

89b.2 9B 75 78 78
89b.3 

___________ 

75 75 75

90 75 75 75

91 10 — 35 - 15 -30

92 
_________ 

200 
- 

176 197

97 75 75
101 12 —35 — 30

103 
_________ 

195 135 —— —
110 9C 75 75

*See Tab le 3, Section II.
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—— TEMP AT DAMPING TEST
TEMP AT ENCLOSURE REMOVAL

_ _ _  
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Figure 24. Calculated temperature profile for Specimen 6, Conditi on 4 ,
damping beam test.

74

_ _ _ _ _ _ _  -- -—-—-~~~~~~~~~-—--- - 



—- -~-~~ 5- “~~~~~~~~~~~~~~~~ -~~~~~~~r~~~~-r-. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-- -

~~~~~~

-e

The damping beam test variables are graphically illustrated in

Figure 25 and are tabulated in Table 11.

Test Results

Tables h A , B, and C present the test results for each identified
damping beam specimen including specimen number, specimen type (whether

the beam is of laminate or monol ithic construction), and test condi tion

number. Also provided are reference values for the structural plies ,
• Poisson ’s Ratio (v) and modulus of elasticity (E). Overall values for

the l aminates were not required within this report. Al so v and E va lues
for the interlayer materials were not required.

This table provi des information for the following:

• The measured surface temperatures (T) at the instant the damping
tests started (see Table 10 for the calculated temperature at

center).

- 
- 

• The load (P) required to deflect the end of each specimen
some displacement (os) as depicted in Fi gure 25.

• The fi rst rebound deflection (a ), was obtained by factoring

method , deri ved by comparing the initial beam displacement

amplitude to its corresponding strain.

• The measured damped frequency 
~~~ 

was determined (from the

v ibratory stra in versus time recordi ng) by counting the number
of full cycles within a selected time span , and divid ing this

event by the time increment.

• The measured stra in (c e ) is that recorded static strain , near the
beam base support, just prior to beam release . These data were

used as a countercheck for comparison with that obtained through

beam theory analysis for the monolithic beams.
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MPu11_cablea for quick release

I ,  :11
I t
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~
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NOTE: View (a) shows the beam In Its Initial deflected (a )
position, Just prior to release of load P.
View (b) shows the beam in its first rebound deflected
(a r) mode—shape.

Figure 25. Damping beam test method.
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TABLE HA. DAMPING BEAM SPECIMENS 5 AND 6 TEST DATA.

Specimen Number (see Table 1) 5 6

Specimen Type (see Table 1) Laminate Laminate

Test Condition Number 1 2 3 4 5 6(See Table 3)

Poisson’s Ratio,
v (Ratio) — - - - - —
(Ref MIL-HDBK—17A , Part II) 

______ _____ _____

Tension Modulus of Elasticity,
E (x1 0 5 

psi) — — — — — —
(Ref. MIL-HDBK—17A, Part II) 

_____ _____ _____ ______ _____ _____

Surface 

~~r’ -10 65 127 -13 76 162

Test Load, P (Lbs.) 19.51 17.93 11.17 8.6 6.7 6.7

Initial Beam Displacement , 0.510 0.510 0.515 0.495 0.505 0.560
6~ (in.)

First Rebound Deflection, 0.33 0.53 0.51 0.59 0.54 0.45
6~ (in.) _____

Measured Damped Frequency, 18.2 17.0 15.0 13.9 12.6 12.2
- ~d 

(Hi) ______ _____ ______ ______ ______ ______

Measured Strain , 
~ 1720 1607 1451 1138 1130 1284

(p in./ln.) 
______ ______ ______ ______
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TABLE lIC . AIR DAMPING BEAM SPECIMEN 8 TEST DATA.

Specimen Number (see Table 1) 8

Specimen Type (see Table 1) Monolithic

Test Condition No. na Ilb(see Table 3)

Poisson ’s Ratio , ~v 0 33 0 33(Ref. MIL—HDBK— ’17A,Part II)

Tension Modulus of Elasticity
E (x10 5 psi) 104 104
(Ref. MIL-HDBK—17A,Part II)

Surface Test Temperature, 75 75I (°F) (see Table 10) 
______ _____

Test Load , p (lbs.) 24.8 60.6

Initial Beam Displacement , 0.494 0.998
6~ (in.)

First Rebound Deflection , 0.63 1.09
~i 

(in.) 
______ 

~

_____

Measured Damped Frequency , 23.1 23.2
~d 

(K r) 
______ ______

Measured Strain , 516 1047
(u in./in.)

79



.
~ 
..
~

In addition to the damping beam test data listed In Table 11 , data
for the vibratory strain amplitude of selected peak numbers are also re-

quired. A typical vibratory strain versus time data recording and the
various points of definiti on are shown in Figure 26. The half-cycled
peak amplitudes are numbered as shown, with peak number one being the
first rebound point.

Table 12 lists the vibratory damping beams test data of peak numbers
and strain amplitudes for the temperature goals noted. Generally (for
data averaging accuracy requirements) four peak points and their associ-
ated strain double amplitudes were measured and tabulated. These raw
data are used in the following subsecti on for the detennination of the
specimens damping ratios. Note that for Specimen 5 and 6, shown in the
195°F temperature data ctlumn, the beginning peak numbers were 4 and 6,
respectively. For these two cases the earlier pea k point strain data
were not utilized because the data indicated that there were secondary
waves present.
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train amplitude peak number 1 (first rebound

r~~t~ 
Zero-i/i uble strain amplitude (2X

2)

‘-3 pper envelope

I\ 11

_  

~~
0 Dynami c center line

I (i), decaying towards
Succeeding peak zero—strain referance

I numbers at 1/2 axis.
V cycles Reference Recording for

S~pec1meW10, Condition 92
‘-‘-‘-‘-‘-‘-...... Time equal zero

reference line
(release)

FIgure 26. A typical vIbratory strain versus tIm’ data
recording and definitions.
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TABLE 12. VIBRATORY DAMPING BEAM

TEST DATA OF PEAK NUMBERS AND STRAIN DOUBLE AMPLITUDES

________________  
TEMPERATURE 

________________

____

~

3541F 
______ 

RT 195°F
STRAIN STRAIN STRAIN

SPECIMEN PEAK AMPLITUDE PEAK AMPLITUDE PEAK AMPLITUDE
NO. NO. U in./in. NO. u in./in. NO. ~ in./in.

1 1125 1 1700 4 1459
15 643 12 1049 14 989
30 370 26 579 30 531

_____________ 
45 225 39 338 47 289

• 1357 1210 6 1042
6 895 6 735 9 701

9 477 12 440 12 464
____________ 

14 258 20 240 27 301
1809 1620 1 1326

7A 14 1021 21 919 22 724
27 619 43 555 43 434

____________ 
41 376 65 323 66 265

1980 1 1335 1465
14 1035 14 895 24 715
28 615 56 395 48 450

____________ 
42 395 84 265 72 290

1 588
66 309

134 180 —

t ..Oflu • ii., , 202 102 
______ _________

1 1145
8 _____ 

50 598 
____

(Cond. 11.2) 
— ____ — ___

16.0
~~t. ____ 

41 10.8 
____— 86 7.4 1

___________ ____________ 
129 5.2 

______ __________

810 882~~~ 1 585
10 12 465 5 539 4 360

23 280 9 333 8 190

~L.. 160 14 181 12 105
11 ( N O T  U S E D )

12 119 1 124 ‘F 100
_ _ _ _ _ _  

26 51 49 29 42

~0TE: (1) Accelerometer readings of amplitude in number of recorded
div isions (no scale).
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Assessment of Testing and Data Output

Since each test condi tion could be monitored very closely it provided
an opportunity to observe the operation of the te~ting apparatus. It was
determined that the specimen having a high modulus of elasticity such as
glass, aluminum, or very thick laminates, tended to force some rotation of
the base support.

As noted in Table 11 , on occasion there was an indication that the
• rebound deflection was greater than the initial displacement. It is

believed that at the initial release of the load (P), there was a sl ight
increase in load which accounted for the larger rebound displacement.

Two specimens noted in Table 11 were laminated of dissimilar materials
for which the Poisson ’s ratio (v )  and the modulus of elasticity (E) had
insignifi cant usage wi thin this report; therefore, these values were

• not determined.

Spec imen 9A , test condi tion numbers 89a.1, 89a.2, 89a.4, and 89a.5,
noted in Table 3, were run but the stra in gage record ings showed the
presence of secondary wave motion , that resulted in unacceptable data .
The clamped base was re—tigntened , and the test was re-run for acceptable
results. Test condition numbers 89a,3 and 89a.6 were successfully accom-
pl ished. Condition 89a.6 was a rupture test; therefore, readings were
not obtainable for the rebound deflection (a ), or the damped frequency

Specimen 9C utilized for Test Condition Number 110 did not have strain
gages installed since the time and available resources did not justify

strain gage instrumentation of this beam. An accelerometer attached to

the beam tip provided the necessary vibratory data.

As noted in Tab le 1, Specimen 8 was a monolithic aluminum plate . This
specimen was included in these tests to provide information relative to
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L air dampin~’. Aluminum beams have insignificant Internal damping charac-
teristics because of the material ’s high modulus of elasticity. Hence,

F. 
the apparent damping in aluminum beams was assumed to be totally attributable

to air damping. This air damping component was required speci fically so

that the air damping characteristics could be screened out of the damping

values obtained for the transparency specimens , leav ing the damping values

for the basic transparency materials. This was true particularly for mono-

r lithic materials , as described in a subsequent section.

• Wi th the undertaking of any test program, errors are expected. Since
this program was desi gned to obtain strain gage readings during loading

and after the release of the load, an assessment was made to determine
the accuracy of these tests. Calculations were made for comparative
purposes to determine the accuracy of the test data. In this case, the

beam is totally wi thin the elasti c range, hence the calculated strain

is proportional to the applied load, P. An expression for
may be derived as follows :

In a biaxia l stress field, wi th stresses f1 and f2 :
f1 and f2,

~ 
= - ‘ —E 

_ _

- vf 2] 

~ 
j I_~

lIP_ 
f

or,

Ec1 
= f1 

— vf2

Rearranging this equation , the express~on for stress f1 becomes

~ 
Ec1 +v f 2

.

Substituting f2 = Ec2 + vf1, which is similarly derived , resul ts in

Ec1 + v (Ec 2 + vf
1

)

+ vEc2 + v2f1.
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Rearranging this ;quation to separate stress and strain:

f1 (1 - v ) = Ec1 + vEc2

: ‘ E (c 1 + v c 2)

or, f
cl + ‘~ 2 

— ~i (1 — ~2)

Considering the lateral strain component, vc 2, as negligible results
in an expression for the strain in the longitudinal direction

• 2El =-r (1 — v ) • 
(14)

Now, in any beam of unit—width cross—section properties of height , t1, and
moment—o f—inerti a I, and subjected to a bending moment, it:

it t1

Referring to definitions below results in

Pit 1
= (15)

Substituting Equation (15) into Equation (14) gives the expression for

the calculated strain , El 
= as:

P L t 1
2E1 (1 — ~

2) (16)

which establishes that strain is proportional to the beam load (for

monol ithic beams only) where :
= calculated strain ~ in./in.)

V = Poi sson ’s ratio
P = Joads (ib )

= initi al beam displacement (inches)

= distance from load (P) to strain gages (inches)

L2 
= distance from load (P) to beam support (inches) ref.
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= PL
= specimen thickness (inches )

E = modulus of elasticity (psi)
I = specimen moment of inerti a (in.4).

• Initially, this series of tests was also aimed at evaluating strain
gage performance when mounted on polycarbonate materials. Specimen 7A
was selec ted to make a compari son of the measured strain values versus
the theoreti cal values.

substi tuting in Equation 16 the actual required data from Tables 9
and 11 gives :

PLI t1
C = ‘ ‘ ( l—v ~)C 

2E1

= 16.08 x 17.15 x 0.621 (1_o,382)
2 x 3.41 x iO~ x B.03 x U.621~• T2

= .001341 in/in or 1341 U in/in.

To determine the percent difference between the measured versus
calcula ted, the following formula was used:

Measured Strain — Calculated Strain
Measured Strain x 100 - % Difference

Then:

x 100 6.16% Difference

Where the measured strain was 1429 ~ in./in. as noted in Table IIB .
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The 6.16 percentage di fference was considered to be within reasonable
a~curacy requirements . The cause of this percentage difference could be
attributed to either experimental error , theore ti cal equati on error , or
both . It was assumed that all the data collected had a ~ ~lar degree of
accuracy.

• ANALYTICAL DEVELOPMENT OF DAMPING RATIOS AND AMPLITUDE DECAY TINE

Analysis of a typ~cal l aminated aircraft windshie ld , emp l oying the
gird Impact Math Model of Reference 1 , requires that the windshie ld or
canopy be represented ~y a f i ni te elemen t model , in wh i ch structural plies
and interl ayers are separately represented by finite elements.
Mass , sti ffness and damping matri ces are calculated for the finite element
model . The math model computer program then solves an equation of motion ,

base d upon these matri ces , as a means of predi cting the res ponse of the
windshield system to bird impact.

Calcula tions of the dampi ng matri x for the fini te element model requi res
that the damping properties of the interl ayer material be known. Damping
in most structures , inclu ding windshields , is nonlinear. In the laminated
windshield , however , damping has only a small influence on response to
bird impact, because of the shorit l oading durati on. Therefore, li near
v i scous damping is assumed , to simplify the analysis. It is also assumed

that the damping matri x for any finite element , representing part of an

i nterl ayer , is equal to the sti ffness matri x for the same element
multiplied by a constant called the dampi ng/sti ffness rati o, h1.

The purpose of the damping beam tests is to provide data from which

h1 can be determined. The determination is accomplished by fi rst cal-

culating the ratio of damping to critical damping, y, from the test

data. The damping/stiffness ratio h1 i s then computed from y.

This section of the report explains the method of computing y. The

method of computing h1 from y is gi ven in Section VII .
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Because of the fact that the interl ayer damping was assumed to be
linear, when it is actually nonlinear, the measured value of y was found

• to vary wi th time as the vibrati on of the test beam gradually decayed.
Consequently, an average value of y was established for each test , based
upon the actual measured values .

Although a real beam theoretically has an infinite number of degrees
of freedom, and consequently an Infinite number of modes and frequencies ,

• only the lowest mode was excited signifi cantly in any particular test,
S 

because of the method of tip release. Therefore , it was assumed that
the cantilevered beam behaves as a viscous damped , s ingle degree of
freedom, free vibration system in deriving the damping ratio. Wh i ch
implies , and is confirmed by test , that the beam specimens obey Hooks

• Law. The beam tip displacement can then be assumed to be directly pro-
portional to the reading of the strain gage located near the support.

Damping Ratio Equation Develo pment
• Figure 27 shows a typical history of a beam strain amplitude .

The motion is a damped oscillation. The positive and negati ve peaks of
the waves are numbered consecuti vely as indicated , beginning with the
first rebound. These half wave peak numbers are important in the develop-

• ment of an accurate math model . For determining the damping ratio,
a time span was selected away from any noise , one end labeled “p” and
the other labeled “q”.

The method of releasing the beam tip was such that only the l owest
mode of vibration was present in the subsequent moti ons, to any si gnif-
icant degree. Consequently, standard equations for the res ponse of a
single degree of freedom mechanical system can serve as the basis for
computing an effec tiv e value of y, which is the ratio of damping to
criti cal damping for the beam. Note , however , that y for a l aminated

beam is an effective value. The actual damping constant of the inter-

layer mater ial is obta ined from y by a finite element method described

in a subsequent section.
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As mentioned earlier, it is assumed that the vibra tory beam tip
displacement is proportional to the beam strain, next to its support,
in respect to time. This assumption appears to be valid , as w ill be
shown later, when comparing the damping ratio results for Specimen 12
(which had an acce lerometer attached to its tip) with Specimen 7~ (strain
gaged). Hence , for c1ari~ y and for the development of the followi ng
equati ons , the term st rain amplitude Cx ) will be used interchangeably
wi th the term displacement. The fi rst deri vative of x is denoted as

j (velocity ) and the second derivative of x is denoted as ~ (acceleration)
in respect to time.

The differential equation of motion for the free oscillati on of a

• single degree of freedom mechanical system with linear viscous damping
is

m
~~
+c

~~~
+kX = 0 ,  (17)

(Reference 4, p 25)
where x = dis p laceme nt, in = mass, c,, = damping, k = stiffness.

Consider the initial conditions

~~~ O at t = O .

Then Equation 17 provides a satisfactory basis for determining the ratio

• of damping to cri ti cal damping for the test beams , since only the lowes t
vibrat ion mode was si gnifi cant.

It can be veri fied , by direct substitution, that the solution of
• Equation 17, satisfying the initial conditions , i s (Re ference 4, Page

• 26, Equation 1-44)• - w y t 
_ _ _

x = Xe ~ sin (w~ ’1-~~ t4) , (18)
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where

• X = 
,

_.
~~~~~~ 

(a constant)

w ~jr (natural angular frequency , radians!
• 

• • n ~~m unit time),

= 

C~ (ratio of damping to critical
27~1F damping),

4
• and the phase angle ~ is defined so that

tan $ =

Note that, at ~ = 0,

—x sin p.

But, if tan , = ~~~~~ then sin * ~j l_ .~
2 
,

where, 

~~~~~~~~~~~~~~~~~~~

There fore,

or 

xt=O -
~~~

) 
~~~~~~~~~~

• xt=O = x 0.

Therefore, the initial condi tion is satisfied , and the strain amplitude

at t = 0 shown in Figure 27 is correctly labeled.
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The response given by Equation 18 is a decaying oscillati on, when
y < 1, as shown In Figure 27. The upper envelope of this motion is obtained
by letting the sine term from Equation 18 equal one. Therefore,

-w ~tx = Xe ~ . (19)

As shown In Figure 27, the positi ve and negative peaks are numbered
consecutively. Let t and t be the time of occurrence of the ~th and
q peaks (not necessarily adjacent), and let x~, 

and Xq be the amplitudes
at t~ and tq respecti ve ly. Substi tuting these vari ables Into Equation 19

• provides two equations , and division of these equations gives

= 

w~Y(tq-tp) (20)

Define the “half cycle” logari thmic decrement for the peaks p and q as
x

~Lpq 
= 1n~~2 , 

• (21 )

then 6Lpq = W
n Y (tq tp) . (22)

Now the number of complete oscillati ons between peaks p and q must be
equal to the damped natural frequency multiplied by the time interval
between p and q. Therefore ,

~(q—p) = f~(tq
_tp) (23)

where 
~d 

is the damped natural frequency in cycles per unit time. This
damped frequency, in radians per unit time, is defined by (Equation 1-42
of Refe rence 4):

= = (24 )
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By substituting (tq
_t
p) from Equation 23 and from Equation 24 , into

-
~~~ Equation 22 gives

• 6Lpq = 
pr~:yz 

(q—p) . (25)

Solving Equati on 25 for y results

= 
Lpq (26)

+ 
~ Lpq

where = in 2. (reference Equation 21)
pq q

In literature, the symbol 6L usually designates the logari thmi c decrement
occurring in one full cycle , i.e., for q—p = 2. Therefore , from
Equation 25

- 2try
— 

y’T Y Z  (See also Appendix C) (27 )

This result agrees with Equation 3.24 of Reference [5], where y i s less
than 0.0001.

Determinati on of Damping Ratio for Specimen 6

For the determinati on of the damping ratio (y )  for Specimen 6,

Condition 5 (room temperature), the following test data from Table 12

apply

PEAK NO. STRAIN AMPLITUDE (x)
___________ ii IN . / I N .

1 1210
6 735

12 440
20 240

In order to present accurate damping ratio values to 5 signifi cant

figures , the damping ratio was calculated for fi ve different segments of
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oscillation over a selected time span , and then these five values were
averaged. In this case, the selected time span was between peak numbers
1 and 20. The damping ratio was then calculated for segment Numbers 1
through 6, 1 through 12, 1 through 20, 6 through 20 and 12 through 20,

• approximately 1/3, 2/3 and full segments. The beginning of each seg-
ment was l abeled as the ~th peak and the end of the segment was labeled

• as qth peak (refer to Figure 27). From these data, the corresponding
relative strain amplitude at ~ and Xq at q segment ends were applied
to Equation 21 to determine the “half—cycled” logari thmi c decrement

~ Lpq 
= ln[xp/xq]). Then this value óLpq and the ~th and qth peak

numbers were substi tuted into the final Equati on 26 to determine that
segment damping ratio

= 

6Lpq
+ 6

~pq

The resulting damping ratios for each segment and the average y is:

SEGMENT DAMPING RATIO (V) TAVG
• ~ .6 0.031720

0.029260

l—~-2O 0.027092 0.027524

6—s-20 0.025439

12—.-20 0.024110

Similar calculations were made for tne low temperature test (con-
dition 4, T = -35°, where 

~AVG = 0.040953) and for the hi gh temperature

test (Condition 6, t = 1950 , where 
~AV G = 0.018947). Fi gure 28 shows

a plot of these damping ratios for each temperature level. The plot
for Conditi on 5 also shows hori zontal segment lines with their correspond-

In g peak numbers . The mi d—point of each segment is plotted and a faired

line is drawn through these points for each condition. Since this method

produces smooth conti nuous curves , the y average value of five si gnificant
figures is felt to be justi fied .
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POLYCARBONAT E LAMINATE CIP INTERLAYER - SPECIMEN 6

4

LEGEND:

COND. 5
—— COND. 4

1’ —-- — COUD. 6

I I
o..~, COND. 4, T -35°F

= .040953
• 

_ _ _ _ _ _ _ _ _  
0 _ _ _ _ _ _ _ _ _

z~~~ 
.040 —

~~~~~~

I- Oui~~ --4 COND. 5, R.T. = 76°F
.030 YA~JG .027524 

—

• -~~~~~--o~~4

____ 
.020 

6 
~~~~ 1° 20(Peak Number~

COND. 6 , T = 195° F

~
‘AVG 

= .018947

.010

0 . __________  __________  __________  __________  __________  ____

0 5 10 15 20 25

VIBRATION PEAK AMPLITUDE NUMBER

FIgure 28. Dampinq ratio Y versus oeak amplitude number for a
polycarbonate laminate, with CIP Interlayer, damping test.
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The remaining specimen 
~AVG 

values were calculated by the same approach.

Vibratory Amplitude Decay Time Ectuation Development

The specimen ’s tip displacements at time of fi rst rebound were not
the same. For correct comparison of beam tip vibratory decay, it was
necessary to develop the equations to describe this condition .

Let the initial beam—end displacement , x0 be 1/2-inch and 92 percent
decay of the amplitude , x92~ = 0.04-inch. For a single degree of freedom,
the damped oscillati on envelope curve is (Reference 4)

¶ N t
- (28)X92% X0

Assume:

1) wn_ ( I
~d = 2 T

~~~~d~

2) Beam-end displacement Is directly proportional
to strain reading at the station gages .

Let ln 
X92% :-YW t,
xo

0.04
Th in 0.50en - 

~
(2
~~d)

Or 0.402 
(29)

Where

~ Natural frequency, radians/sec .
— Damped frequency, radians/sec .
= Damped frequency, Hz

y = Damping ratio
t~ Calculated time , seconds .
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Table 13 lists the specimen material description , the observed

damped frequency, 
~d’ 

the damping ratio, y ,  and the calcula ted time,
t~, requi red for 92—percent decay of the initial beam—end displacement.

A graphical representation of this data, displacement versus time, is
shown in Figure 29.

The interesting phenomenon is the relative decay—time experi enced
by different beam materials. As expected, the alum inum beam required
the longest time to decay from an Initial beam—end displacement of

0.50—inch to 0.04—inch , which represents a 92-percent decay. The longest

¶ 
time for this 92—percent decay point was 5.883 seconds for the aluminum
plate beam, Specimen 8; and the shortest time was 0.394 seconds for the

stretched acrylic beam, Specimen 10.

The second longest time to decay and subsequent, in decreasing time

order, were (78) - Sierracin ’s Polycarbonate; (7A) — PPG’s Polycarbonate;
(5) — PPG’s Polycarbonate Laminate wi th PPG—11 2 Interl ayer; (6) — Sierracin ’s
Polycarbonate Laminate with CIP Interlayer; and (10) - Stretched Acrylic.

TABLE 13. SPECIMENS 5 THROUGH 10 CALCULATED TIME
FOR 92% INITIAL AMPLITUDE DECAY

DAMPED AVERAGE
SPECIMEN BEAM MAT’L FREQUENCY, DAMPING CALCULATED

NO. DESCRIPTION 
~d 

[HZ] RATIO t* [SEC]

5 PPG’S LAM. 17.0 .013558 1.744 SEC
6 SIERR’S LAM. 15.0 .027524 0 .974 SEC
7A PPG’S PC 17.4 .008120 2.845 SEC
7B SIERR’S PC 18.2 .006672 3.311 SEC

8 AL PLATE 23.1 .002958 5.883 SEC
9C PPG’S GLASS 23.8 .003128 5.400 SEC

10 ACRYLIC 25.2 .038857 0.394 SEC
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End displacement , x., inch

(ROOM TEMPERATURE CONDITION)

.5C 8 ALUMINUM PLATE (1/4 x 8 x 18)
7B SIERRAC IN ’~ POLYCARBONATE (PC)

~~~~~~~~~~~~~ 

P ’ s POLYCARBONATE (PC) 
INTERLAYER

6 SIERRACDI’s PC LAMINATE/CIP INTERLAYER
10 STRETCH ACRYLIC (MIL-P-25690)

\ - PPG ’s GLAS S PLATE (1/4 x 8 x 18)

\ _— L~ OSCILLATION DAMPING CURVE
(ALUMINUM ~ AIR )

\. 394
.04 ‘

~-~~

.00 I I
.974 1.744 2.845 3.31 1 5.883

TIME , t4 [SEC] 5.400

Figure 29. Damping beam test results. Specimens 5 through 10.
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COMPARISON OF SPECIMENS ’ AVERAGE DAMPING RATIO VERSUS TEMPERATURE

A suninary of the specimens 1 average damping ratios 
~ avg~’ 

condition

numbers and temperature goals is provided in Table 14. These avera ge
damping ratios versus temperature are plotted on a common graph for

comparison purposes, see Figure 30. Note that the aluminum specimen , 8,

and the glass specimen, 9C, cruves show very low damp ing ratio values;
these low valued damping ratios indicated , are mainly due to air damping,

• as assumed in Section V II analysis. The conversion of y to damping !

stiffness ratio (h) is shown in Section VII.

Specimens ~ and 9C were tested at room temperature only, because
their modulus of elasticity does not change signifi cantly with temperature

change. Hence, their damping ratio should remain constant.

p
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TABLE 14. SUPI4ARY OF SPECIMENS’ AVERAGE DAMPING RATIOS

4

• Temperature Average
Specimen Condition Goal Damping

• 

~
- No. No. (°F) Ratio

1 —35 0.01165
5 2 RI 0.01356

________________  
3 195 0.01190

4 -35 0.040953
-

- 

¶ 6 5 RI 0.027524

________________  
6 195 0.018947

7a -35 0.012542
7A 8a RI 0.008120

• 
_________________ 

9a 195 0.007921

7b -35 0.012639
7B 8b 

- 
RI 0.0066 72

__________________ 
9b 

• — 
195 0.007399

11.1 (6~ 
= 0.63”) 0.002801

8 11.2 (60 = 1.09”) RI 0.003376

9C 110 RI 0.002738

90 RI 0.038857
10 91 -35 0.014805

_________________ 
92 200 0.049654

97 RI 0.005884
- 

12 101 -35 0.011063
_________________ 

103 195 0.009707

100
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Figure 30. Damping Ratio ( y )  versus temperature

for damping beam specimens.
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L~~ ~~~SECTION V

TEST RESULTS AND ANALYSIS FOR

STATIC/DYNAMIC BEAM SPECIMENS

The series of tests covered in this section relate to the static/
dynamic beam specimens test results and analysis. The purpose of this
series of tests was to quantitatively evaluate the stress/strains
within laminated transparency beam specimens that were instrumented

• internally and externa lly, and were subjected to various loading condi-

tions , edge restraints and temperatures.

Figure 5 shows eight di fferent beam edge restraint configurations.

For simplicity , these confi gurations can be grouped into three basic

beam loading di agrams as shown in Fi ç~ure 31. These beams are either

simply supported or fixed—end beams. The main purpose of testing the

• simply supported beams was for calibration. In theory, these beams have

no tangential restraint; but , in real aircraft windshie lds 1 tangential

loa ds r~iay exist, For thi s reason , t~ie beams were tested with either both
end supports locked to prevent sliding inwards or with nne end support

locked in place and the other support free to slide inward .

Section II of this report described the objectives , specimens ,

• conditions , set—ups , and procedures for this series of static/dynamic

tests.

Section III descr ibed the rational and f inal develo pment for the
selection and installation of strain gages and thermocouples. Also

described were the supporting instrumentation and documentation systems.
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b) Fixed—end beam with single row
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— ~~~~~-

C) Fixed-end beam w ith double—row attachments

(Note: Fixed base condi tion not shown)

Figure 31. Instrumented beam loading diagrams for different edge restraints.
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For convenience, a numerica l Index of condition numbers for each

test specimen with reference to the forthcoming strain diagram figures

and strain data table numbers are presented in Table 15. Included for

each specimen are the temperature goals and edge restraint codes .

SPECIMEN DEFINITION AND TEST TEMPERATURES

This subsection presents the specimens selected for data reduction

and presentation as well as the test temperatures.

Specimen Definition
Four beam specimen configurations were tested. However , the test data

for Specimens 1 and 3 were not reduced since the data provided insufficient
• information for complete analysis. Sufficient data for analyses were

obtained from Specimens 2 and 4.

Test Temperature Selection
A Douglas windshield transient heat transfer computer program , identi-

• fied as E1GG , was utilized to analytically-determine the temperature
profile requirements for each beam specimen .

The temperature profiles selected for Sierracin Specimen 2 are the
maximum and minimum windshield temperatures expected for a supersonic
aircraft during fl ight below 8,000 feet. It was assumed that the maximum

temperature occurs following a supersonic cruise and a subsequent high-
speed descent to 8,000 feet; this is at Mach 0.85 in a hot atmosphere.
The temperature profile through the wi ndshield is shown in Figure 32.
The min imum temperature shown in this figure occurs following a subsonic
cruise and subsequent high-speed (Mach 0.85) descent to 8,000 feet in a
cold atmosphere.

• The maximum temperature selected for the PPG Specimen 4 was limited

to 200°F external temperature, as this is the maximum temperature at which
acrylic will maintain sufficient rigidity to prevent the specimen from



TABLE 15. A NUMERICAL INDEX OF CONDITION NUMBERS FOR THE 36—INCH BEAM
TESTS WITH STRAIN DIAGRAM FIGURE AND STRAIN DATA TABLE NUMBERS LISTED.

• COND NO. EDGE~~ STRAIN STRAIN• STATIC! SPECIMEN TEMP’’’ RESTRAINT DIAGRAM DATA
DYNAMIC NO. °F 

— 

CODE FIG. NO. TABLE NO.

13/14 -65 
— 

SR/SS—PIV - -

• 15/16 2 RI SR/SS—PIV 37. 46 19
• 17/18 

__________ 

272 SR/SS—PIV - -

1 9/20 -p65 SR/SB 55, 57 26
• • 21/22 2 RI SR/SB 37, 47 , 57 20

23/24 
__________ 

272 SR/SB 56~ 57 21
• 25/26 272 QR.’SB - -

27/28 2 RI DR/SB 37, 48 21
29S/29D RI DR/FB 49, 51 22

• 30/31 
__________ 

—65 DR/SB - - 
—

32733 —65 SR/SS-.PIV — -

• 34/35 4 RI SR/SS—PIV 45, 58, 59, 28
36/37 

__________ 

200 SR/SS—PIV 60, 61 - -
38/39 —65 SR/SB 62, 65 29
40/41 4 RT SR/SB 63, 65 30

-; 42/43 
_________ 

200 SR/SB 64, 65 31
• 

- 

44/45 200 DR/SB - -
46/47 4 RI DR/SB - 35
48S/48D RT DR/FB - 36
49/50 

__________ 

-65 DR/SB - -
51 62 1 

________ __________ 

Data Reduction not Required
63/64 —65 SR/FB—S 52, 54 24
65/66 2 RI SR/FB—S 50, 51 , 54 23
67/68 

__________ 

272 SRJFB—S 53~ 54 25

69 86 3 
________ __________ 

Data Reduction not Required
81/82 —65 SR/FB—S 66 

- 

32
83/84 4 RI SR/FB-S 67 33
85/86 

__________ 
200 SR/FB—S 68 34

107 A ., RI /SS 38, 41 , 43, 17
107 B RI /SS—B 44 - 38, 42,

_ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _ _  43.44 18
NOTES: (1) Temperatures shown are for the environmental test chamber.

For specimen actual test temperature profile , see
Figures 32 and 33.

(2) For edge restraint codes, refer to Section III , Table 5.
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,—0.105 Chemically Strengthened Glass (outer ply)

/ 0.25 CIP Silicone Interlayer
0.150 Polycarbonate Spal l Sheeté:::: ::: y::: e

mnt~~1

a;7

::: ~~~~~~
x=recorded temperature

100 • (specimen 2, conch 17)

I5~ 
~~~~~~~~~~ 

I

4— Specimen 1 (Calculated )

~ I Specimen 2
~~~~~~~~~

1___..f__.
~

100 I I , i
0.25 0.50 0.75 1.00 1.25 1.50

Thickness— inches

Maximum and minimum bending beam temperature for lam i nated
thick beam , with 0.87 polycarbonate core—ply.

Fi qure 32. WindshIeld temperature profile as applied to test
beam , specimens 1 and 2.
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— bowing under a no-load conditi on. This temperature was assumed to represent

a Mach 0.85 terrain - following flight conditi on in a hot atmosphere . The

temperature profile is shown in Figure 33. The minimum temperature selected

for the PPG specimen uses the same criteria as that for the Sierracin

specimen and is also shown.

• The temperature profiles for the thin beams, Sierracin Specimen 1 ,
and PPG Specimen 3, were roughly simi lar to the left temperature profile
shown in the figures for that of Specimen 2 and Specimen 4 respectively.

After each specimen reached the test temperature profile requirement ,

the environmental temperature control chamber was quickly removed, and

increasing incremented static loads were applied . After reaching the

safe maximum static load , noted in Table 4 of Section II , the load was
quickly released for the dynamic test.

It must be pointed out that the temperature differences between the
calcula ted vs actual temperatures shown in Figures 32 and 33 were the

• results of the calculati ons taking into account the aerodynamic effects
which could not be accomplished in the tests.

DATA DOCUMENTATION PRESENTATION METHODS AND ASSESSMENT OF TESTING ERRORS
A method of reduciT~ the numerical strain data into meaningful strain

diagrams is presented , and a means of assessing testing errors is dis-
cussed in subsequent paragraphs.

The locations of the strain gages wi thin the specimens , given in
Section III , were two inches inward from the beam attachments, at the

beam midpoint , and midway between the above two locations. At these three

locations, the strain gages were mounted back-to-back on each structural
ply.
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0.250 As cast acrylic 0.188 Polycarbonate

0.060 PPG—112
• (3 Places)

0.080 As cast acrylic

200 

~~~~~~~ 1 (spall sheet)
¶ 

I I profile (calculated)

150 

I . .....~c=recorded temperature
(specimen 4, cond. 36)I I  I100 -

• 
~ j- I II ~ recorded temp.

50 - I I I 
/
r ( P 4, cond. 32)

O 

~~~~ 

~~~~~~~~~~~~~~~ 

~~~~~~~ ~~~~~~~~~~~~~~~~~

— Specimen 3j 14 1 I
100 

Specimen 4~ -J i ~
0 0.25 0.50 0.75 1.00

Thickness — inches

Maximum and minimum bending beam temperature for l aminated
thi ck beam , with multi-layers of 0.188 PC-plies.

Figure 33, ‘lindshiel d temperature Drofile as applied to
test beam , specimens 3 and 4.
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Data Documentation Presentation Methods

In an endeavor to make the raw data meaningful, methods for present-
ation had to be developed. For the static/dynamic beam tests, the raw
data were reduced and are presented In three forms. These forms are:
1) Strain data tables, 2) Multi-strain diagrams for structural plies , and
3) LongItudinal strain diagrams for single plies.

Strain Data Tables
The Strain Data Tables present the details of the tests and the

documentation for each specimen tested, Table 16 is an illustrative

example showing the tabular form utilized . The symbols are identified
as follows:

2P = Load (lb.)
Vertical displacement at beam center (in.)
Horizontal displacement at one end of beam (in.)

• 
~d 

Damped frequency (Hz)

= Damping Ratio

Strain (
~ tn/ in)

TABLE 16. STRAIN DATA TABLE - ILLUSTRATIVE EXAMPLE .

LOAD LEVELS
_______________ Static 1 Static 2 Dynamic

2P, lbs 1607 0
In. 1.03 1.82 —1.99

in. 0 0.11 0.10

_ _ _ _ _
I

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _

• Strain Gage
No. (Strain M in./in.)

1 354 354 -552

2 -402 -673 403

3 —667 —1 972 953
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With each table is shown the documentation for a load that was
applied (two places) and identified in sum as 2P. These loads were

• applied ini tially to reach an approximate one-inch deflection identified

as held unti l the deflection stabilized under Static 1; then the two

loads were increased unti l an approximate two-inch deflection stabilized

under Static 2. The loads 2P and the deflections and were measured

and recorded. The loads were quickly released and the deflections measured

for the dynamic response at the first rebound . The strains of the materials
were measured and recorded on tape for each strain gage. The tapes were

• subsequently read and the readings were documented as shown , for each
• load level .

Multi—Strain Diagrams For Structural Plies

The formats for these strain diagrams are shown in Figure 34 (for

Specimen 2) and in Figure 35 (for Specimen 4). Figure 34 shows a typical

strain diagram for gages located on opposite sides (back-to-back strain

gage set) at strain gage numbers 14 and 17. Strain diagrams will be

• shown for all strain gage sets for each structural ply of the lami nated

beams. Positive strain will be to the right side of the vertical (zero

strain) reference l ine . The positive strain magnitude is indicated as

xxxx (c, Min./in.). The advantages of showing all of the strain diagrams

in one figure for each beam condition and related data, are:

• To provide a scaled graphical representation , drawn with respect

to specimen ply thickness and strain magnitude , that would be

of great value in assisting checks for continuity . These graphs
also provide a check on the strain sense; that i s, whether the
strain data are of positive or negati ve orientation .

• To show visual ly the effects of a failed structural ply on the
remainder of the structural plies , when under load.

• To compare slopes of strain diagrams on several structural plies ;

this is allowed by the comon scale factor.
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0.105

I 

(GLASS )

- _ Bolt Strain Gage 0.25
• 

•

• 
Numbers (CIP)

13 14 
-

(-)
~~~~

= 
_____ 

ii~~ (V ertical displace—
ment at beam centerline ‘

= 
_____ 

1n.~ (Hori zontal displace-
ment at one end of beam 1.495 (Ref)

Total Beam
Thickness

2P = 
_____ 

lb. (Load cel l data )
Beam

~~~ y~Typlcal
~~~~~ strain
____ 

diagram

c~~
xxxx (c , ~ in./in.)~~

(CIP)

I 1
I 1 0.150

(P.C.)

C
t —

Figure 34. Strain diagram label ing format - Specimen 2.
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Retainer
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(-)~~~~ative Strain —

Typi~al strain diagram 0.250

1+) Positive Strain +

_ ‘(i) 
_ _ _ _ _— — 

T~o
(P

~
ll2)

0.188
(P.C.)

-
~~~~~~~~~ ~~~~ P

4

1l2)

• 0.188
(P.C.)

- — 

1 
~~~ 

‘—~ 4) 
~~~~(P~G~~l2)

— 
(ACR)

Spacer
(Nylon Epoxy )

_____ 
inch (V ertical displacement at

beam center)

• &H = 
_____ 

Inch (Hori zontal displacement at
one end of beam)

2P = 
— 

pound (Load cell data)

Figure 35. StraIn diagram labeling format , Specimen 4.
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• ° To check the implied re lative amount of tensile and/or compression
load which is induced into a structural ply as a functi on of the

interlayer and end-attachment load contributi on .
4

The dynamic strain data at the time of the first rebound are not
presented in the mu lti-strain diagram form; although , the dynamic strain

• • relationships are shown later in Section VI for the impact beams .

Hereafter , references to the strain data tabulation tables will use

only the static condition reference number (such as condition 15) rather

than both static and dynamic reference numbers together (such as conditi on

15/ 16).

Longitudina l Strain Diagrams for Single Plies
The single ply (longitudinal) strain diagrams , Figure 36, presents

an illustra tive example of a strain distribution diagram for the noted

specimens. It is plotted in terms of strain vs. beam length. It should

be appreciated that the strains recorded at the three SG locations , or
points along the beam, are sufficient to construct the longitudinal strain
diagram. The following paragraphs identify the need for only three

strain gage locations.

At any point along a beam where a bending moment exists , the

long itudinal stress , , is
(30)

Since strain in the elastic range is

a~~~ cE , (31)

then the strain in terms of the bending mcment at any section along

the beam is
c • (32)

This equation shows the linear relati onship between the bend ing moment

and strain at any point.
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fix STRAIN DIAGRAM

Figure 36. LongItudinal strain diagrams for single pl ies
illustrative example.
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The bending moment at the ends, is dependent upon the degree of

end-fixity, or, in the case of bol ted multi -ply laminates, it is de-
pendent up to the amount of internal fixi ty (restraint against inter-

laminar sl ippage provided by the number and the tightness-of-fit of

the restraining bolts). Thus,

MR ~
1fix (33)

where Q is the end—fixi ty factor (ranging from Q = 0 for a simple sup-
ported beam with no end fixity to Q = ‘1.0 for a fully fixed-end beam),

and Mfjx is the end-moment for a fully fixed—end beam.

Since 
~f ix 

can be readi ly calculated for a fully fixed beam of a
¶ given configuration, the strain E fix corresponding to ~f ix 

may be

• determined and plotted on the strain distribution diagram.

The moment equation for the simply supported beam (N~ 
) (for one-half

of the beam, wi th the x = zero starting at the point of s~metry) is

X
5 

~~~~~~~~~ p < x  -1~.L> . (Ref. 1, pp 184—192) (34)

The moment equati on for the fixed-end beam (11 ) isXf
— PL ,~ ~~

. .. L -~~— —~~- - r ‘-. A - -‘

f

where P = load , L = beam length between suppors, x = distance from orig in,
and the brackets < > denote the limits of integration (negative quantities

wi thin the brackets are set to zero).

Subtracting equation (35) from equation (34) shows that the moment

equation curve for the fixed-end beam had shifted downwards from the

simply supported beam moment equation curve by a constant value of

That is
- 

~~~~ 

— ,PL PL~ - 2PL 2 ,PL

~~~~ 
Xf ~~~~ ~~~~~~~~~~~~~~~~~
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• Hence, for the fixed-end beam, the maximum negative bending moments at
• the ends of the beam are

~~
. ( f5) , where ~ = 1/2.

The maximum positi ve bending moment (between load points in the constant
bending moment area) is

or l/3(~~).

• Figure 37 shows the typical method of presentation for the super-
imposed “longitudinal 11 strain diagrams. The strain data shown for

• Conditi ons 21 and 27 have been ratioed (adjusted) to the 2P base load of
¶ 

Condition 15. A common base l oad for all three conditi ons provide
• relative strains that can be easily compared . The strain diagram

• construction method follows .

The strain diagram for Condition 15 (SR/SS-PIV) was constructed by
drawing a horizontal line through the strain point of 8705 iin./in. at

Station 3. A straight line was passed through three points : the zero-
• strain point at the origin (attachment area), strain point of 1700 ~

.in./in .

(Station 1), and strain point of 7701 ~in./in. (Station 2). These two
straight lines were then faired as shown in the figure.

Sim i larly, the strain diagram for Condi tiun 21 (SR/SB), was constructed
from test data. In this case, through means of geometry and calculati ons,

the intercept was determined by passing a straight line through Station 1

and 2 strain data points , wi th a vertical l ine drawn through the beam
attach point. For Condition 27 (DR/SB), the saMe method was used. The

straight line equation used to determine the intercept strain values is
C C

Co 
= (2 1) £1.(Straight line equation theory.) (36)

For example (Condition 21), let C
l 

= —5008#in./in. and 
~2 

= 470l,~in ./in.
(data shown in Figure 37 at stations 1 and 2). Substi tuting these values

in the equation gives the intercept value of 7536 u in./in.
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• 
• 
-• Condition Edge Cond . 2P Load Strain

• • Legend Number Code (lb) Factor

15 SR/SS - PIV 1365* 1
‘1 

- 

21 SR/SB 1607 0.85
27 DR/SB 2009 0.68

Theoretically ‘fixed-ends 1365* 1

*The 2P base load was 1365 pounds from Conditi on 15

9 fl fl hI~~~ ~i4. I I

sivajn I Beam1

_ _ _  _ _ _ _  
-- JL___ ..,. 8705

-

• 

~5~I— ~~~~~~
_ _ _ _ _  

_ _ _ _ _ _ _ _
~7OO 

____ 
4r 

\,~~\ 
‘~~ 

~~

— Attachments
0

r

’ 

~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘3,443 

\J

~\ 
~~F~:40

L 4 (13,443) = -8962 (REF) Beam Zero Strain
** Extrapolated

Figure 37. Strain diagrams for Specimen 2; Conditions 15,

21 , and 27.
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In theory, the maximum moment (or s train) for a simply supported
beam Is equal to the sum of absolute values of the maximum positi ve and

negative moments (or strains) of a fixed-end beam, under the same
syninetrical ly loaded condition.

As previously mentioned, the beam strain is directly proportional
• 

• to Its bending moment along the beam length (c
t 
: M1). For a theoretically

• 
• fixed—end beam, based on this relationship and taking 1/3 and 2/3 of the

sum of the absolute values of the strain test data for Condition 27

• (4996 + 8447 , ~ in./in.), resulted in a maximum negative theoreti cal strai n

• ¶ 
value of —8962 ~ in./in. and a maximum positive theoretical strain value of

• 4481 ~ in./in., as shown in Figure 37. It should be noted that the test
data strain curve for the simply supported beam is not exactly parallel to

that of the fixed-end beam. This is probably because the beam equivalent
stiffness value (El) is greater for the simply supported beam, since the
edge attachment bolts lock the plies together preventing the strictural
ply slippage.

The end—fixity factor (Q) corresponding to these specimens are:
Q = 0 assumed for simply supported beam Condition 15; Q = 0.84 for fixed-
end beam with single row of attachments Conditi on 21; and Q = 0.94 for
fixed—end beam with double row of attachments Condition 27. The fixity
factors of 0.84 and 0.94 were obtained by ratioing their extrapolated strain

(at the attach point) to that of the theoretical beam with 100 percent
fixed-ends.

To recapi tula te, for the selected beam specimens , the strain data were
tabulated. From this , mul ti-layered strain diagrams were constructed ,

and then several selected conditions of single ply (longitudinal) strain
diagrams were superimposed for comparison and evaluation purposes.

The lower surface of the main core ply for beam Specimen 2, Fi9ure 38,
and the ower surface of the lowest polycarbonate structural ply for

Specimen 4 (reference Figure 61), were selected for disp laying the sinçile

Pi~ (lon nitudina l) strains.
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Details are in Figures 39 and 40.

RT = room temperature
$ a2.00 inch att
2P • 877 (no bushing)

11.22 11.57 2P = 967 (with bushing)

1. 65~~~~~1~~ ~~~~~~~~~ ~~~ 
- 

R1~

~ I-uI 17.00 ~~~(SYM)\~ower Surface

a) Load diagram Strain Gage
Number (Typ)

5628 6237 (Cond . lO7A)

b) Strain diagram us ngs
Attach
hc 1 es

NOTES: 1. Strains are shown for gages 16 , 17,
and 18 only.

2. ConditIon lO7B has bushings installed
with no bolts (/SS—B).

3. Condition 107A has bushings removed
f rom end-attachment bolts .

Figure 38. Beam load and strain diagram for
Specimen 2, Condi tion 107.
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Assessment of Testing Errors

Conventional beam theory methods for monolithic beams do not apply to

laminated beams; thus, assessment of testing errors becomes an engineering

judgment. Wi thin the multi-layered strain diagrams , the slope of the
strain diagrams could have been compared to theoretical strain diagram
slopes as a function of the bending beam Instantaneous bend radii. How—
ever , this was not practical because of tim e and expense ‘onstraints .

The method used for the assessment of testing errors was by inspection ,

• comparison, and engineering judgment. The diagrams were evaluated for con-
tinuity and direction of slopes where, for any particular sect ion, the

• slopes of the strain diagrams should be parallel . This has been analyti-

cally verified in Section VII , where a direct comparison is made between
the results of a fini te element math model and the test data.

RESULTS AND ASSESSMENT OF STRAIN DISTRIBUTION
The paragraphs that follow present the results and assessment of

• the test data for the thick core and mu l ti-layered beam specimens .

Hereafter, the thick core beam refers to Specimen 2 and the mu l ti-layered
beam refers to Specimen 4. A comparative analysis is made of each separate

configurati on for linearity of load versus strain , an assessmen t of stra in
distribution and a comparison of their respective stiffness.

The Linearity of Load Versus Strain for Thick Core and Multi-Layered Beams

Lineari ty of Load Versus Strain for Thick Core Beam

Specimen 2 , test conditions lO7A and 107B (simply supported under room
temperature conditions) were selected for this lineari ty study. The
center of the beams were deflected to a maximum of two inches with resulting
loads (2P) of 877 pounds and 967 pounds respectively. Based on thi s data ,
the load and longitudinal strain diagrams for these two conditions are

shown in Figure 38.

The detail for the end attachment configuration for Condition lO7A
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(under load) showing interlayer deformation is shown in Figure 39. The

detail for the end attachment for condition 107B unloaded is shown in

Figure 40.

The strain shown in Figure 38 are from gages 16, 17, and 18 only, as
tabulated in Tables 17 and 18. Note that the strain curve for conditions
107A appears to be zero near the attachment hole area. The strain curve

for condi tion 107B appears to have an Inter-lam inate fixity effect near
the beam ends . Tab le 17 is a tabulation of the strain data for Specimen

• 2 , condition lO7A , a simply supported beam wi th bol ts and bushings removed.
¶ Four static load (2P) levels were tested causing 0.50, 1 .00, 1.50, and

2-inch beam center deflections (o), respectively. The negative strain
numbers ( - ) are compression strains. The strain data for the 2-inch
deflection are plotted in a multi-layered strain diagram shown in
Figure 41.

Similar ly, Table 18 is a tabulation of the strain data for Specimen

• T 2, Condition b iB , the same simply supported beam, but with bushings in
place (no bolts) that lock the structura l plies together to prevent

sl ippage. Figure 42 shows its multi-layered strain diagrams . The
follow ing, Figure 43, shows a composite strain diagram of conditions
107A and lO7B. Note that the two strain diagram line types are approx-
imately parallel. The small arrows indi cate that higher tensile and

compression loads (in the form of strain magnitudes) are caused by the
locking of the structural plies together through means of the bushings.

The strain output gage 18 (bottom, center strain gage mounted on the

main polycarbonate core ply) was selected for the load versus strain

l inearity check for the thick core beam. The 2P load versus strain for

the four static load levels for both conditions lO7A and 107B were plotted

as shown in Figure 44. The results indicate that both beams had linear
re lationships between load and strain. The beam with the bushings in
place provided an apparently stiffer beam which Is consistent wi th the
foregoing .
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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• 
— SG 16
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,
•
__

~~___

___ 
~~~~~-.. In ter la yer
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• lotes : 1. e is the slope of beam end.
2. T41 is the varying angular shear strain -for the CIP

interlayer , decreasing (apprnxir~ately) linearl y from

~
‘max at beam erd to zero at b-~ m r.~rter.

Figure 39. End attachment configuration for
Conditi on 1 07A under load , showing
interl ayer deformation .
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5 
Bushings (Removable)

Ref.

¶ ~~~~~ 

_ _ _ _  

-‘,. 
-

• 

E

~~~~~

6

~~~~~

Fiqure 40. End-attachment confi guration for Condi tion
1078 (unloaded), wi th bushi ngs Installed .
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- TABLE 17. STRAIN DATA FOR SPECIMEN 2, CONDITION 107 A ,

SIMPLY—SUPPORTED BEAM, WITHOUT BUSHINGS

(/SS), RI
Four static runs with increasing l oad increments as follows :

Conditi on ) - J Static 1 Stati c 2 Stati c 3 Static 4

-; 
¶ 

Load 2P (l bs) 229 439 638 877

Deflection S (in.) 0. 50 1.00 1.50 2.00

Strain Gage . • • (1)
No. Strain ~ ~ 

in./ ln.)

1 91 91 319 546
2 -183 -320 -457 —778
3 -183 -457 —595 —823

• 4 253 557 860 1164
5 1089 2079 3019 4058
6 1253 2409 3585 4866

7* — —

8 47 142 237 474
9 147 343 490 539

10 253 506 658 911
11 503 961 1418 1875
12 616 1233 1849 2608

13* — — —

14 —1126 -2581 -3754 -5303
15 —1 370 --3004 -4418 -6097

16 238 281 572 763
17 1495 2858 4177 5628
18 1623 3204 4614 6237

(1) Negati ve numbers (-)  are compression strai ns .

*Gages Inoperat ive.
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- 
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~ 

74 539

I I
Beam
L

0LJT~~~ -53O3~~~~~~ -6O97 l~~

6v * 2 . oo In
2Pz877 lb
(/SS), RI

1+

763 5628 6237 1
~~ 911 ©J~

1875 ~~~~~~~~~~~~~~~~~~ ~~

_I)
_ _ _ _ _ _

) ®)164 4058 4866

Fi gure 41. Strain diagrams within structural plies of Specimen 2,
Condition l O7A without bushing s.
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TABLE 18. STRAIN DATA FOR SPECIMEN 2, CONDITION 107 B,
SIMPLY—SUPPORTED BEAM , WITH BUSHINGS IN PLACE

(/SS—B), RI

Four static runs with increasing load increments as follows :

Condition ‘- Stati c 1 Static 2 Stati c 3 Static 4

Load 2P (l bs) 202 469 678 967

Deflection & (in.) 0.50 1.00 1.50 2.00

¶ Strain Gage Stra in c (~ in./in.)~~

1 0 —91 —137 -137
2 -137 -229 -457 -778
3 —229 -457 -640 -915

4 658 141 7 2226 3188
5 841 2128 3860 5939
6 1445 2891 4384 7082

7* Out Out Out Out
8 0 142 285 285
9 196 343 392 539

10 658 1316 2176 3086
11 778 1510 2333 3385
12 806 1 706 2608 3746

13* Out Out Out Out
14 —1408 -2722 -4036 —5631
15 —1590 -3225 —4683 -6627

16 —95 -381 —667 -953
17 1407 2682 3737 5320
18 1581 2991 4400 6237

(1) Negative numbers (-)  are compression strai ns.

*Qages Inoperative.
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• 

- 

i 
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. 

— 

~~~~~~~~~~~~ 
8~~

a 2.OO ln~~~~~~
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( Iss— B), RI

I It
-953~~ 5320 6237

~~~~O86 

_ _
) ~~~ 3188 5939 7082

Figure 42. Strain diagrams ~eithin structural plies of Specimen 2,
Condition lO7B , with bushings.

128

____ - - -



•TTT I T I T’_~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(Sta. 1) (Sta. 2) (Sta. 3)
~~~~~~I
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.
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~

•
Iu

I ~~OUT ~ 4 COHD. WITH BUSHIn GS, 2P = 967 lb. (/55—B )• I ~—-- ——~ COUD. WITHOUT BUSHINGS, 2P 877 lb. (/SS)

Beam

— 8v = 2.oo ln

(~~~1~~
)
_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _

Figure 43. Composite strain diagram Conditions 107A and lO7t~.
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F~igure 44. Loa d versus strain for SpecImen 2, maIn core ply, Condit ion
107A , wi thout bushin gs , and Condi tion 107B , with bushings .
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Lineari ty of Load Versus Strain for Multi -Layered Beam
Spec imen 4 , calibrati on condit i on 34 (a simply supported beam, pin-

ended, with a single row of bolts and bushings) was selected for this
l ineari ty study. Figure 45 shows the curve for the 2P load versus strain
data for gage 15 . The curve displays non-lineari ty, but good conti nuity .

Strain Distributi on From Edge Effects on Thick Core Beam
The results and assessment of strain distributi on, caused by the

edge effect, for the thick core beam specimen follows . The simply
supported and fixed-end beams are compared . (The single row attached
beam with sealant are compared with double row attached beam.) The

• effect of temperature is presented for the single row attached beams
wi th sealant (loose holes) and wi th tight fitti ng aluminum bushings.

Simply Supported and Fixed-End Beams
A comparison was made of the strain distribution for the thick core

beam, simply supported (condition 15), fixed-end with single row of
• attachments (condition 21), and fixed-end with double row of attachments

(Condition 27). These tests were run at room temperature , and the beam had
one support free—to—slide and the other support was l ocked in p l -~ce. The
strain data test results and strain diagrams wi thin the structural plies
for conditi on 15 are shown in Table 19 and Figure 46. In the figure ,

the slope of the strain diagrams at Station 2 and 3 appear to be parallel ,
indicating a common beam bending radius; at Station 1 , the slo pes are
negl igi b le , indicating zero radius (station definiti on was provided in
Figure 15 of Section III). Note that the strain diagrams show the main

core ply positive and negative strain magnitudes as approximately equal ;

whereas the strain diagrams for the lower spall sheet have translated to

the right , indicating an induced tension strain component. If this l am—
• m a ted beam was totally monolithi c , then the strain di agram slo pe woul d

be continuous from the beam ’s upper to lower surfaces. The relative
position of the slopes , suggest the lack of shear-load transfer between

structural pl ies , caused by the characteristic of soft silicone inter-
layers.
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Figure 45. Load versus strain for Specimen 4, Condition 34.
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TABLE 19. STRAIN DATA FOR SPECIMEN 2, CONDITION
• NUMBER 15/16.

(SR/ SS—PIV), RI

Three static runs with Increasing load increments denoted as Condi tion
15 and a dynamic condition denoted as Condi tion 16 are as follows :

-: Load S T A T I C
• - levels —~~~. 1 2 3 Dyfl amiC*

2P (lbs) 476 992 1365 0

- .
, 6 (In.) 0.98 1.96 2.75 2.35

6H (in.) 
0.52 1.42 2.25 **

Strain Gage
No. Stra in c , (uin./in.)

— — — —
2 —414 -932 —1190 906
3 -481 -1094 -1400 1203

4 1769 3496 4971 —421 3
5 3033 5898 8257 - 6869
6 3297 6551 9233 —7694

7** — — — —
8 260 520 693 — 672
9 340 693 910 — 823

10 656 3500 4813 — 7482

11 1867 3828 5182 —4272

12 2184 4187 5871 —4915

13 0 221 353 **
14 -2339 -5953 -8717 p674
15 -4386 —7311 -9829 8326

16 510 1276 1700 — 850
17 1800 5688 7701 —5907
18 3078 6155 8705 —7035

• 
~d 

12 lIz y = 0.0407

~~~~~~ t
d 

at fi rst rebound, and related beam center
disp lacement 6 y •

**Gage Inoperative.
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(Sta . 1) (Sta . 2) (Sta . 3)

_14OOJ5
~~

I ~~~~~~~~ ~ (:) 
~~~+): -

~ ®
693 

®
‘
~

9lO

• 1 ~ 353 -8717 -9829 

Bem

2.75 inches

• 8H — 2.25 Inches

• 2P 1 365 pounds

(SR/SS •
~~~~~ IV ) ,  RI

_
.

‘

,F

~~~~

’

\

~~ 17O0 7701 8705 

(
_______ 

3 cu~j,. 5182 (i~ 5871 

I
.
. J ® 4791 8257 9233

FIgure 46. StraIn diagrams within structural plies of Specimen 2,
Condition 15.
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Table 20 and Figure 47 show the strain data results and strain dia-
grams within the structural plies for condition 21 (single row of attach-
ments). As expected for a fixed-end beam, shown in the figure, the slope
of the strain diagrams at Station 1 reversed, providing tensile strain at
the upper surface and compression strain at the lower surface of the
structural plies .

Table 21 and Figure 48 show the strain data results and strain dia-
grams within the structural plies for condition 27 (double row of attach-

• ments). As expected, greater strain magnitudes occurred at Station 1,
with respect to condition 21. Thi s was probably caused by the higher
applied load (2009 pounds versus 1607 pounds) and the greater edge
restraint of Condition 27.

Single Row with Sealant Versus Double Row Tight Attachments
A comparison was made of the strain distribution for the thick core

beams with the single row of attachments, whose loose holes were filled
w i th sealant , and with the double row of attachments, provided with tight

• fitting aluminum bushings. These conditions had both supports locked
in place and were run at room temperature .

The strain data test results and strain diagram wi thin the structural
plies for condition 29S are shown in Table 22 and Figure 49. In Figure
49~ C~~ and strain reference components for the shaded di agrams
are shown in ~in./in., where c is the compression component, 

~Tthe tensile component, and is the (plus and minus) bend i ng strain

component. These components are shown for reference purpose only and
were determined by assuming a neutral bending axis located at the center-

1 ine of the structural ply. A vertical line was constructed through
the strain diagram intercept wi th the centerline forming the shaded

diagrams. The compression and tensile strain components are caused by

the interlayer shear load (energy) transfer from one structural ply to
another and/or inter-ply reaction loads Induced from tfle edge attachments.
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- TABLE 20. STRAIN DATA FOR SPECTMEN 2, CONDITION

NUMBER 21/22.

(SR/SB), RT

Two static runs with increasing load increments denoted as Condition
21 and a dynamic condition denoted as Condition 22 are as follows:

Load
— 

levels -
~~~~~ Static 1 Stati c 2 Dynamic*

2P (ibs) 1607 0

g (in.) 1 .03 1 .82 —1.99

8H (in.) a 0.11 0.10

Strain Gage
No. Strain c, (p in./in.)

1 354 354 —552
2 —402 —673 403
3 -667 -1972 953

4 -1275 —1539 1825
5 2454 4060 —1874
6 2808 4891 —4030

7 0 0 0
• 8 350 438 — 394

9 496 676 — 721

10 2094 2958 —1638
11 980 1867 — 1214
12 1333 2345 —2161

13 4010 6227 —5708
14 -3261 —5298 2649
15 —4290 —7150 6483

16 —3821 -5896 5189
17 3293 5535 —3591
18 4142 6963 —6144

= 17.6 Hz V =0.053103

* Strain Ed at first rebound , and related beam center
displacement S~.
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(Sta. 1) (Sta. 2) (Sta. 3)

CD -673j® -1972 .b~
• 1 °@j 438 

® 
j

676

Ueam
* 

I
• 6227 —5298 -7150 

_____________

~~~~~~6y = . 1 .82 1n~~~~~~~ 
5

6H 
— 0.11 Inch

- 2P — 1607 pounds
• 

(SR/SB), RI

A __

_

-5896 5535 6963

I 2958 1867 2345

/4
) -l539~3~ 4891

Figure 47. Strain diagrams witnin structura l plies of Specimen 2,
Condition 21.
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TABLE 21. STRAI N DATA FOR SPECIMEN 2, CONDITION
NUMBER 27/28 .

(DR/SB), RI
Two static runs with increasing load increments denoted as Conditi on
27 and a dynamic condition denoted as Condi tion 28 are as follows :

Load
levels— .. Static 1 Static 2 Dynamlc*

• I 

2P (lbs) -~ 2009 0

(in.) 1.00 1.64 —1.41

8H 
(in.) 0.03 0.16 0.07

Strain Gage
No. Strain c, (

~~ 
in./in.)

• 1 309 530 —597
2 -446 -491 580
3 -763 -1049 1120

4 -2638 -4001 3078
5 901 2608 —1446
6 2264 3849 —3668

7 
0 0 0

8 219 438 —350
g 451 811 — 698

10 728 1456 - 341
11 328 516 — 305
12 736 1195 —1333

13 6070 10,290 7895
14 —2503 -4187 3209
15 —4268 -7113 6402

16 —5256 —8869 7297
17 2882 4986 —3591
18 4349 7353 — 6367

18.4 Hz V 0.054786

* Strain Cd at first rebound , and related beam center

di splacement 6y•
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(Sta. 1) (Sta . 2) (Sta . 3)

@530 -491® _10491®

I ~~~~ (~~ )

I (+)

• 
•

• Q~
O 438 811

I Beam
I I  i L

II 10,290 _4187I~3~ -7113 I®
— 

______ 

- 1.64 In~~~~~~
0.16 Inch

2P 2009 pounds

(DR/SB), RI

(— )
~~~

_ (+) :(.~)

-8869 4986 7353

1456 ~.i~5l6 © 1195

(+)

2608 3849

rigure 43. Strain diagram within structura l ,lies of Specimen 2,
Condition 27.
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TABLE 22. STRAIN DATA FOR SPECIMEN 2, CONDITION NUMBER
29S/29D.

• (DR/FB), RT
Two static runs with increasing load increments denoted as Condition
29S and a dynamic condition denoted as Condition 29D are as follows:

Loaø
- ,

- level — Static 1 Static 2 Dynamic* —

2P (lbs) 1407 2052 -

g~, (in.) .98 1.37 —1.32

5H (in.) 0 .38 —

Strain Gage Stra in £ , (p in./in.) 
-_______________

1 0 2013 — 394
2 —31 1 -488 444
3 —0 -939 798

4 —1455 -2910 2839
5 1338 3034 —1428

• 6 2298 3695 —2861

7 — - -

8 390 347 — 260
9 721 541 — 563

10 865 2185 455
11 4245 943 —189
12 778 1692 —2516

13 5863 9152 —6459
14 —2503 -3641 2776
15 —8913 -5244 4958

16 4642 —6872 5712
17 2942 5057 —3701
18 4576 - 6626 —5172

= 19.5 Hz Y = 0.053781

* Strain E
d 

at first rebound , and related beam center
displacement ov’

I.. 
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(Sta . 1) (Sta . 2) (Sta . 3)

—488’..?) -939

_ _ _  
¶ 1

Oat® I
Beam I

9152 —3641’ 
~i:~~~ -5244 

______________-
_  _

_ _

(DR/FB), RI

— a +1140 —
~ 

t
1 

+708 -. — +69

/

4~~ 

cM a +8012 +4349 +593

L 6872 ~ij (i~j’ 5057 (T~’ 6626

________________________ 6

—
~~~~c :362.5 

_4 F~.._~1 — +1988.5 ~~~ _____

4 Ct4 — +2547.5 = +1045.5 — +141.5

)_291o® 3034 ®‘ 3695

Figure 49. Strain diagrams within structura l plies of Specinl9n 2 ,
Condition 29S .
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Condition 65 strain data are shown in Table 23 and Figure 50. As shown
• in Figure 50, at Sta tion 1, three of the strain gages were not functioning.

The main core pl y strain diagram of this station was extrapolated. The
superimposed long itudinal strain diagrams for these Conditions , 29S
and 65, are shown in Figure 51.

By div iding the applied load by the beam center displacement , the

spring stiffness was found to be 1498 lb/in , for Condition 29S and 914

lb/in, for Condition 65. This represents a decrease -in stiffness of 39

percent for Condition 65. This reduction in stiffness may be a desirable

attribute in the area of the windshield attachments when bird impact
shock waves travel from the windshield Into the surrounding structure.

Temperature Effects of Single Row Attachments Installed with Sealan t

A comparison was made of the temperature effects on the strain distri—

bution for the thick core beam with the sing le row of attachments , whose
loose holes were filled with sealant. The supports were locked from
sl iding inwards. The test temperature goals were: -65°F for Condition 63,

room temperature for Condition 65, and 272°F for Condition 67.

The strain data test results and strain diagrams wi thin the structura l

plies for Condi tion 63 are shown in  Table 24 and Figure 52, for Conditi on

65 are shown in Tabl,e 23 and Figure 50, and for Conditi on 67 are shown in

Table 25 and Figure 53. Indicated in Figures 52 and 53, strain gage •13

was not functioning; although, this did not present a problem since only

the main core ply lower surface strain data were utilized. Fi gure 54
represents the superimposed longitudinal strain diagrams for the th ree
temperature conditions. For the higher temperature condition , the beam
stiffness has been reduced by 18 percent with respect to the room tempera-

ture condition . The majority of this beam stiffness reduction may be

attributed to the softening of the sealant; although , a post inspection
of the sealant showed no apparent permanent set.
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TABLE 23. STRAIN DATA FOR SPECIMEN 2, CONDITION
NUMBER 65/66.

(SR/FB—S), RI

Two stattc runs wi th. increasing load Increments denoted as Condi tion 65
and a dynamic condition denoted as Condition 66 are as fol l ows:

Load
• • level -‘~~~~~~ Static 1 Stati c 2 Dynamlc* —

2P (lbs) 864 1646

• 
~~ 

(in.) 1.01 1.80 1.38

8H 
(in.) (Fixed Base) (Fi xed Base) 0.05

Strain Gage
No. Strain C , 

(
~ in./in .)

1 142 142 —1 90
2 -392 —784 566
3 —543 — 1177 860

4
• 5 2588 4744 —2674

- 

-
• 6 2948 5255 -3631

7 0 0 0
8 1356 317 — 294
9 438 656 — 481

10 1538 3119 —1239
11 1 022 2415 —1393
12 1126 3019 —1919

13 0 0 0
14 —3276 -3420 4288
15 —2800 -6126 2647

16 —4385 -6483 5291
17 3464 6038 —3415
18 4191 6696 —4914

- 
‘ 

~~d 
= ~~~~~~ Hz = 0.051791

* Strain td at f i rst rebound, and related beam center
• displacement a,,,.
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(Sta . 1) (Sta . 2) (Sta. 3)

1420 -7840 -11770

I’ 
_ _ _ _ _ _ _

31’7~~ 656~~
I I Beam
11 I

OUT~J -3420 -6126 I®

I ~
—

~~~~~~Ex~rapo1ated ~~
@ BEAM CENTER

I (SR/FB—S), RT

_  _

• 8 6038 6696

~~~4119

out 4744 5255

~
N FIXED BASE ; RESTRICTED FROM SLIDItIG

Fi gure 50. Strain di .~arar’s withi’i structural plies of Specirien 2,
Condition 65.
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‘ — l

° ConditIon 65 (SR/FB—S), RT.

~~~~ Condition 29S (DR/F8), RT.

*2P = 2052 lb/condi tion 29S as base load.

-
• -- Extrapolated

8348
+ 

_

_ 

in

Figure 51. Strain Diagrams for Beam Specimen 2 — thick
core ply Condition 29S and 65.
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TABLE 24. STRAIN DATA FOR SPECIMEN 2, CONDITION
NUMBER 63/64.

(SR/FB—S ) T— -.65°F
Two stati c runs with increasing load increments denoted as Condition 63
and a dynamic condition denoted as Condition 64 are as follows :

Load
1evel—~’ Static 1 Static 2 Dynamic*

2P (lbs) 1153 1235 0
- 

- (in.) 1.00 1.20 —1 .80

8 H (in.) o o 0.09

Strain Gage Strain c , (p in ./in.)

1 472 472 —189
2 -377 -330 448
3 -‘453 -498 543

4 0 394 1116 —

5 2975 3063 —1641
5 1300 3423 —2232

7 Out Out Out
8 362 317 — 204
9 433 910 —2232

10 1356 1881 0
11 1254 1440 — 604
12 1526 1832 —1272

13 Out Out Out
14 —3272 -4125 332
15 -2613 —2749 2298

16 -3642 —4332 3126
17 3442 4030 — 2491
18 4020 4529 — 3119

‘ 

~d 
7.41 Hz 0.067730

* Strain Cd at first rebound , 
and related beam center

displacement a,,,.
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(Sta. 1) (Sta. 2) (Sta . 3)

@472 _33j ®
I

-! 1 1
• 

OiJ~® ®317 
®~

1O

strain gage 13 Beam
I I L

j  OUT -4125 (~) 
_2749J

- 
- (-)

L = 1.20 in.
8H O ln.
2P = 1235 lb.

(SR/FB—S) T=—65°F

I

—

~~~~ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
I

4030

J _ ~~~l281 1440 1832

+

I 

~~~~ 94 3063 3423

Figure 52. Strain diagrams ~-iithin structural plies of Specir.~en 2 ,
Condition 63.
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TABLE 25. STRAIN DATA FOR SPECIMEN 2, CONDITION

NUMBER 67/68.
(SR/ FB—S) Ta_272°F

Two static runs with increasing load increments denoted as Condition 67
and a dynamic condition denoted as Condition 68 are as follows:

Load
1eve1 —~ 

Static 1 Static 2 
- 

Dynamic*

2P (i bs) 798 897 0

-
- - 

~~ 
(in.) 1.00 1.20 —1.80

5H (in.) 0 0 0.10

Strain Gage Strain C , (p in./ in.)
No. ___________________________________ ______________

1 266 222 — 200
2 -256 -342 406
3 —628 807 673

4 -1324 — 1 324 1688
5 2087 2504 — 1503
6 2902 3517 —2506

7 Out Out Out
8 45 89 — 402
9 438 438 — 416

10 1268 1721 —725
11 840 1167 — 514
12 1330 1535 — 1126

13 Out Out Out
14 —2712 —3100 2591
15 --4030 -4529 3623 H
16 —4379 —4976 4056
17 2849 3359 —2339
18 4121 4891 — 3736

= 6.70 Hz = 0.045764

* Strain at first rebound , and related beam center

di sp lacement 6~,.
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222 (1) -342(i) -807 ©
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•I

i 
I &
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(SR/FB—S) T= 272°F

- 976 3359 c:~-’ 4891

1721 ~Th1 167 ~~1535
-

t 

ii
) o 324 

0
2504 3517

Figure 53. Strain diagrams ~iithin structura l plies of Specimen 2,
Condi tion 67.
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—° Condition 65, RI, 2P 1646 lb base load.

CondItion 63, 1 — -65°F.

°

~~~~~~~~~~~~

° Condition 67, 1 • 272°F

** Extrapolated
Edge attachment code: (SR/FB—S)

SG
+ 18

SG ~~8975
6l64.~17 

~f’b~9b a = 2.20 in.

6O38o~~~~~
I_ __ (_____I

\
~ o = 1.60 1~ .

= 1.80 in.

_______________________________________ Strain C

;;;
~ 

~~~~~~~~~~~~~~~ 

(~ in./in.)

~
___

_l3,l95**

Fi gure 54. StraIn diagrams for beam Specimen 2
core ply; conditi ons 63, 65 and 67.
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Temperature Effects on Single Row Attachments Installed wi th Alumi num
Bushings

A comparison was made of the temperature effects on the strain dis-
tribution for the beam with a single row of attachments and using ti ght
fitting aluminum bushings . The temperature goals were -65°F for Condition

- - 19, room temperature for Condition 21 , and 272°F for Cond•ition 23.

The strain data test results and strain diagrams within the structura1

pl ies for Condition 19 are shown in Table 26 and Figure 55, for Condition

21, shown in Table 20 and Figure 47, and for Condition 23, shown in  Tab le
27 and Figure 56. The superimposed longitudi nal strain diagrams for

these conditions are shown in Figure 57. Note that the strain diagram
curves appear to coincide for the room temperature Condi tion 21 and the
low temperature (-65°F), Condi tion 19. Most likely, any major difference
between the strain values at the attachment area was caused by the higher
temperature (Condition 23) weakening the beam ’s polycarbonate s tructural
plies.

Strain Distri bution From Edge Effects On A Multi -Layered Beam
The results and assessment of strain distribution caused by the

edge effect for the multi-layered specimen follow . First, a simply
supported pin-ended beam wi th single row of attachments and aluminum

bushin gs is evaluated . Second, a fixed-end beam wi th single row of
attachments and tight fitting aluminum bushings is evalua ted for the

effects of temperature. Third , a fixed-end beam consisting of single
row of attachments with loose holes filled wi th sealant is evaluated
for temperature effect. Lastly, miscellaneous strain data tables are
presented.

Simply Supported Pin-Ended Beam
A comparison was made of the strain distri bution for two static load

levels appl ied to a simply supported , pin-ended , mu lti-layered beam

(ConditIon 34 at room temperature, a cali brati on test). The strain data

L. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j
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TABLE 26. STRAIN DATA FOR SPECIMEN 2, CONDITION
NUMBER 19/20.

(SR/SB), T=—65°F
Two static runs with increasing load increments denoted as Condi tion
19 and a dynamic Condi tion denoted as condition 20 are as follows:

Load
• 1 level — Static 1 Static 2 Dynamic*

2P (lbs) 1003 1806

g (in.) 1.02 2.04 —1.53

5K (in.) —

Strain Gage Strain c,(u in./in.)

1 Out Out Out
2 —530 —707 574
3 —516 -939 939

4 -656 -1094 1422
5 2320 4640 — 2498

H 6 2958 5644 —4233

7 Out Out Out
8 261 523 — 305
9 404 897 —605

10 2083 3306 —1381
11 1027 2054 —1167
12 1502 2731 —2162

13 3641 6443 —5252
14 —3154 —6083 3695
15 -4198 -8161 6038

16 —3754 —6570 5265
17 3261 6023 —3781
18 4055 7976 — 5858

= 17.5 Hz -Y 0.066057

* Strain Cd at first rebound , and relate d beam cen ter
displacement 

~~
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Out ® I ®

- • 
I Out~~ 52~~

Beam

- 

. 

6443 -6083 -8161 I®

, 2P — 1806 pounds

(SR/SB) T~-65°F

I 
(—)T

~~ 
___ - 

-E (+)

6023 7976

______ 
3306 2054 ~

‘.I~ J,2731

) -1094 4640 5644

Figure 55. Strain diagrams within structural plies of Specimen 2,
Condition 19.
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TABLE 27. STRAIN DATA FOR SPECIMEN 2, CONDITION
NUMBER 23/24.

(SR/SB), 1 272°F

Two static runs with increasing load increments denoted as Condition 23
and a dynamic condition denoted as Condition 24 are as follows :

Loa d
• 

_

; 
level —

~~~~ Static 1 Stati c 2 Dynamic* 
—

2P (ibs) 1003 1184

S (in.) 1.02 1.35 —1.14

5H (in.) 0.04 0.11

Strain Gage Strain c , (p in./in.)
No. ___________________________ _ _ _ _ _ _ _ _ _ _ _

1 277 370 — 462
2 -178 —266 289
3 -845 -939 774

4 —1 769 —1 854 2001
• 

- 5 2232 2876 —1803
6 3019 3785 —3042

7 Out Out Out
8 311 311 — 222
9 589 770 — 498

10 774 1183 —910
11 964 1253 — 626
12 1307 1821 —1354

13 5123 5992 —5649
14 -2717 -3575 2669
15 —4375 -5250 4879

16 —4700 -5728 5263
17 3142 3928 —3004
18 4004 5577 —4767

= 18.7 Hz 0.033855

* Stra in C
d 

at f i rst rebound, and related beam center
dis placement av~
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Out 0311 0770

Beam
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(SR/SB) T=272°F

‘ 14 _
1-5728 53~ 

3928 5577
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l82 l

ii I) -1854 2876 3785

Figure 56. Strain diagrams within structural plies of Specimen 2,
Condition 23.
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0 CondItion 21, RT, 2P — 1607 lb base load.

- -
~~~ Condition 19, 1 • -65°F.

H 
~~~~~~

“ °  CondItion 23, 1 272°F.

~~

* Extrapolated
Edge attachment code: (SR/SB)

+

• 7569 
~

5360~k _________ ____

5331 a 1 
~
( ~~~~~~~~~~~~~~~~~~~~

o J/l7 
~ 

Strain c

SG / \\ (p in./in.)
16 / —5896o

_8761*~~~ - -5847~~
_8868*~b —

_ ll ,l81*~~
_ 

— 

—77740

Figure 57. StraIn diagrams for beam Specimen 2;
- ConditIons 19, 21 and 23.
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test results are shown in Table 28. Strain diagrams within the structural

plies are shown in Figures 58, 59 and 60. Figure 58 strain data are for

• the Static 2 load level where 2P = 532 pounds , causing a 2.07-inch beam

center deflection . Figure 59 strain data are for the Static 3 load level
- • 

- where 2P = 818 pounds , causing the lower spall sheet to accidently crack

at a beam center deflection of approximately 3.10 inches . Strain distri-
• 

- bution in the lower spall sheet was caused by a crack in the spall sheet

that went unnoticed for several weeks before being discovered during the

refurbishing of the edge attachments. During this two-week period , twenty

test conditions for Specimen 4 were ran before the cracked spall sheet was
• discovered. Since the math could be easily revised to simulate the cracked

spall sheet condition and due to the high cost of replacing this specimen
and the time constraint, it was decided to run the remaining six conditions
“as is”. Figure 60 is a composite of these strain diagrams for static load
l evels 2 and 3. It must be noted that at Station 2 the sloped diagrams are

almost in line through all plies . This indicates that this l aminate , with

PPG112 interlayers , ac ts almost li ke a monol ithi c beam. At Station 3, for
Static 3 load level , the strain diagram indicates a lag of shear load
transfer at the upper ply, possibl y caused by interl ayer delamination.

Fi gure 61 shows the longitudinal strain diagrams for the bottom
surface of the lowes t polycarbonate structura l p1~’ depicting the strain
diagrams for Static 2 and 3 load levels. The solid line strain diagram

is for the Static 2 l oad level where 2P = 532 pounds at a beam center
deflection of 2.07 inches. The phantom line strain diagram is for the
Static 3 l oad level where 2P = 818 pounds at a beam center deflection of

3.10 inches. The constant bending strain diagram section shape was
changed to the approximate shape shown at the time when the spall sheet

cracked. The maximum recorded strain was 13, 137 p in ./in. at strain

• Gage 15. The maximum extrapolated strain in the spall sheet would be

approx imately 17 ,000 ~ in./in. For reference purposes , the bending modulus

of strain for rupture of this spall sheet should be approximatel y

31 ,000 u in./in . The beam ’s large deflecti on ~11owed the beam ends to

bottom out on the supoort fixtures causing an end-fixity condition . This

is represented by the negative strain (-4000 p in./in.) as shown.
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TABLE 28. STRAIN DATA FOR SPECIMEN 4, CONDITION
-

1 NUMBER 34/35.
(SR/SS—PIv), RI

Three static runs with increasing load increments denoted as Condition
34 and a dynamic condition denoted as Condition 35 are as follows :

Load level-_4.f Static 1 Static 2 Static 3 Dynamic

4 2P (ibs) 307 532 818 —

- . Sv (in.) 1.03 2.07 3.10 —1.92

5H (in.) 0 0.11 0.57 0.18

Strain Gage
No. Stra in c , (p in./in.)

1 -1169 -131 5 -974 1290
2 -1969 -4769 —6301 3981

— 3 -3363 -5829 -11433 6726

4 508 601 970 —693
5 4069 5688 7876 —3391
6 2756 6563 1q63 — 3063

7 Out Out Out Out
- 

•
- 8 -934 -1634 -2101 1401 4

9 -1254 —2415 -1254 999

10 453 453 1041 —498
11 953 1647 2167 —1387
12 1144 1464 5947 —2470

13 1344 1493 1991 —1319
14 2330 4221 5276 —3166
15 2541 5037 13170 —7648

16 -460 -919 —690 690
17 -332 —948 —1328 830
18 -1053 -1053 -2843 1448

19 0 226 453 —204
20 755 1271 1907 —1076
21 915 1327 5260 —3065

22 277 462 647 —416
23 2962 4722 6524 —4056
24 3302 6068 446

= 10 Hz = 0.072503
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(Sta. 1) (Sta. 2) (Sta. 3)

I Beam
— 1 315 —4769 -5829

b 

_ _

_____  
Out -1634

w 
—2415~~~~ ____________

• -919 -948 -1053 
______________— I (_ )~

-
~~J (-)

~~~~~~~

226 ~~~~i27l ~~~~l 327

I 
t~~~ç3 

1647 
_ _ _ _ _ _ _

~~~~ l493 ~3~+)— 4221 5037

‘462 - 4722 6068 -4
I 

~~~~~~~~~~~~~~~~~~~~

601 5686 6563

Bolt L = 2.07 inches

= 0.11 inch

2P = 532 pounds

(SR /SS—PIV), RT

-mr. ~8. Strain diagrams wi thin structural plies of Sped —
m n  4, ConditIon 34 (Static 2 data). 
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(Sta. 1) (Sta. 2) (Sta . 3)

Beam

_-974 - -6301 -11 ,433 
_____________

1~~ 
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~~~ 
I:. 

~~ i— 
) \— (—1=

_ _ _  _ _ _ _

00 -21O1

’

~~~~® ~12~~4
-69O~~ -1 32~ ..J~ -2843

~~1453 ®~~ r1907 5260

1042 2167 5947

_  
_ _

Ii +~~~~~ 1= (~~
) II\

1991 _-\ 5274 13 ,170\

~~~~ 647 ©,.~, 6524 446~3~_________________________________ _________
970 7876 f ~I663

L (l  ® CRACKED SPALL—PLY
‘— BOLT Q (SR/SS-PIV), RT

= 3.10 in.
= 0.57 in.

2P = 818 lb.

Figure S9. Strain di agrams within structural
plies of Specimen 4, Condition 34
(StatIc 3 data).
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NOTES : 1. Strain diagrams shown ( ) are those
for the middle readings , static 2 load level .

2. (— — — — )  denotes strain diagrams due to
load redistribut ion when l ower ply cracked,
static 3 load level .

-. 3. At & 3.10 inches, the ends of beam bottomed-
out on support fixture.

Fi gure 60. Composite strain diagram of Specimen 4, Condition 34.
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p— Pivot Point
(Ref)
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_ _ _ _ _  _ _ _ _ _  

.188 P.C. “~

k

~~~~~~ 

- 

~~~~SG 13

~ I ~1 
~——-—c After spall sheet cracked at

‘\ I ii 2P= 818 1b.
8 = 3.lO In.

0 2P 532 1b.
¶ 

SYM 

=2.07 in.

SG
~ 

14 SJ 15 / 1
’

IR 0.188 Lower P.C. Ply—” IR
• 

- 

~~~~~ 13,170 (SG 15)

4 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Beam bottomed Out at
2P = 818 lb.

(SR/SS—PIV), RI

Figure 61. SInqie ply load and strain diagram for calibration of beam,
SpecImen 4, Condition 34,
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Temperature Effects on Sin gle Row Attachments Installed Wi th Aluminum Bushings
A comparison was made of the low, room , and high temperature effects on

the strain distribution for a multi-layered beam wi th a single row of
attachments installed in tight fitting aluminum bushings . The temperature
goals were -65°F for Conditi on 38, room temperature for Conditi on 40, and

• 
-
: 200°F for Condition 42.

The strain data test results and strain diagrams wi thin the structural
plies for Condi tion 38 are shown in Table 29 and Figure 62, for Condition

- - 
40, shown in Table 30 and Figure 63, and for Condition 42, shown in Table

‘ 31 and Figure 64. The superimposed longitudinal strain diagrams for these
conditions are shown in Figure 65. As expected, the low temperature test
Condition 38, indicated a stiffer beam than the room temperature test; and
the high temperature test, Conditi on 42, indi cated a more flex ib le beam
than the room- temperature test Condition 40.

Temperature Effects on Single Row Attachments Installed with Sealant
• The beam Specimen 4 was tested to determine the temperature effect on

the strain distribution for the multi-layered beam with a single row of
attachments and loose attachment holes f i lled w ith sea l ant. The temperatue
goals were -65°F for Condition 81, room temperature for Conditi on 83 , and
200°F for Condition 85. The strain data test results and strain diagrams
w i thin the structural pl ies for Condition 81 are shown in Tab le 32 and
Figure 66, for Condition 83, shown in Table 33 and Figure 67, and for
Condition 85, shown in Table 34 and Figure 68. Since the spall sheet was
cracked , only the strain data tables and figures for depicting the strain

diagrams wi thin the structural plies are provided .

It should be recalled that in the beam specimens wi th single row
attachments and sealant filled holes , the support bases are always locked

from sl iding. At no t ime during thi s p rogram were tes ts conducted on beam
specimens with single row attachments , tight fitting bushings and support

bases locked from sliding . Therefore, a compar i son between beam
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TABLE 29. STRAIN DATA FOR SPECIMEN 4, CONDITION
NUMBER 38/39.

(SR/SB), T=—65°F

Stati c runs wi th increasing load increments denoted as Condition 38
and a dynamic condition denoted as Condition 39 are as follows :

Load 1~vø1 *f Static (Maximum) f Dynamic

2P (lbs) 762 0

~v (in.) 1.12 — .85

SM (in.) 0 0

Strain Gage
No. Strain  

~~, (p in./in.)

1 1573 
__

2 -2200 181 1
3 -4860 3512

4 -1144 1006
5 3369 —2560
6 1 794

7 1 32 — 352
8 — 836 627
9 —8 19 728

10 —1524 829
11 1121 — 819
12 3504 2526

13 —2415 1258
14 2550 —1803
15 6587 — 4620

16 549 “114
17 -429 358
18 -576 288

19 -226 498
20 878 — 658
21 2896 —1977

22 - 878 809
23 2890 — 2070
24 446 —

v ~d = 16.75 Hz Y 0.060577

164 

~~~- - 5-  —- ~~~~- - ~~-— -- - 5- - ~~~~~-



¶-- .5,-. - —-55—.—- 
5- ’ ”  ~~~~~~~~~~ ‘5-5- 5-~~~ - 5-’~~~~- --5 - •5-5 ’5.,r-—-,-- ,-s- w ~~

4’• •.’

(Sta. 1) (St~a. 2) (Sta. 3)

I 
Beam 

-

c:j~i 1573 -2200 -4860

• (+) 
_ _

~~~ 132 -836~~~® 
-8l9

~~~® —

549 -429 -576 
______________

I 

— — 
~~ (+1 

j~~~~ 

~:.:Th 
r

-226 
_ _ _ _ _ _ _ _ _  

878 ~~ ~~~2896

-1524 ‘ 1121 3504

$0 01 
_ _

• 
-

- 

I -241 ~~~~~~ 
2550 ~~~~~~~~~

878 2890 ~~~~446

c_ i ( 13J~+
— 

-1440 3369

= 1.12 Inches

= 0 inch

2P = 762 pound s

• 
(SR/SB), T=— 65°F

Figure 62. Strain diagrams within structural plies of
Specimen 4, ConditIon 38.
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TABLE 30. STRAIN DATA FOR SPECIMEN 4, CONDITION
NUMBER 40/41.

(SR/SB), RT
Two static runs with increasing l oad increments denoted as Condition 40
and a dynamic condition denoted as Conditi on 41 are as fol lows:

Load level —4-i Stati c 1 Stati c 2 Dynamic

2P ( lbs ) 409 869 0

Sv, (in.) 1.03 2.17 —

~ (in.) 0 0.27 —

Strain Gage
No. Strain c , (

~ in./in.) 
4

1 1571 3560 1754
2 -2415 -4010 2630
3 —4218 —7991 4928

4 -637 — 1001 637
5 2600 5200 —3423
6 653 1 742 —1742

• - 7 —1089 -1611 653
8 -828 —1149 919
9 -592 -910 774

10 —758 —669 - 1004
11 644 1502 — 987
12 1957 4551 —2731

13 -2013 -3824 2138
14 2154 3781 —2374
15 4689 9011 —5747

16 1793 3908 —1586
17 -667 -763 596
18 -1059 —1907 1086

19 181 634 —453
20 561 1363 —1603
21 1821 3828 —2 31 1

22 0 418 0
23 2154 4397 —2270
24 0 628 —1278

13.6 H
~ 

0.066847
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~
1611 -1 1~~~~~~

3908 -763 —1907 ~

®

~~~

634 ~~( 
-
~~~~ 1363 3b~8

1 —669 ’ 1502 - 4551 {
0 0 _ _

-3824 (-)© (+)_ 3781. 0J~__ 90l~
’
\\

22j~4l8 4397 ~~ ,~ 628

1.. ~+~-A
— 

-1001 5200

= 2.17 Inches

= 0.27 inch

2P = 869 pounds

(SR/SB), RI
* Extrapolated

Figure 63. Strain diagrams wi thin structural plies of
Specimen 4, Condition 40
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TABLE 31 . STRAIN DATA FOR SPECIMEN 4 , CONDITION
NUMBER 42/43.

L (SR/SB), 1*200°F

Two static runs wi th increasing l oad increments denoted as Condi tion 42
and a dynamic condition denoted as Condi tion 43 are as follows :

Load level~~~ Static 1 Static 2 Dynamic

2P (ibs) 311 471 0

~v (in.) 1.08 1.80 — 1.18
- 

- SM (in.) 0.10 0.24 0.12

Strain Gage -

No. Strain c , (~~~ 
in./in.)

1 1 764 3098
2 -2533 -4679 2769
3 -4727 —8394 4992

4 -732 -1464 800
5 2363 4069 —2866
6 819 906 —1337

7 -1473 -2817 1387
• - 8 -1057 -1885 988

9 —1001 —2094 979

‘10 0 0 222
11 431 561 — 539
12 1609 2391 1747

13 -1 771 —3643 2226
14 1494 2581 —3623
15 4138 7034 —4597

16 Out Out Out
17 -664 -1280 854
18 -1474 —2633 1501

19 0 0 —

20 477 636 —516
21 1533 2276 —1626

22 231 185 —185
23 1829 3048 — 2221
24 0 0

= 11.25 H = 0.054825
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(Sta. 1) (Sta. 2) (Sta. 3)
I I Beam
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~~~~~~~~~~ 
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j
~ 

Out —1 -26~~~

H

O ~~~~636 ® ¶~~~
2276

I —1-33 ‘ 561 239 1

4 
_ _

-3643

~~~~~

@ ©~~~~258l

~j185 ,.f3Oz18 ‘0

-1 4 ~~4O69 906
• 0 0

= 1 .80 inches

= .24 Inch

2P = 471 pounds

(SR/SB) , 1=200°F

Figure 64. StraIn diagrams within structural plies of
Specimen 4, Condition 42.
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12,978 ~~~~~~~~~~~~~~~~~~ -
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o
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sz1
9

—6000 • Strain readings are for Strain
-9600 i Gages 13, 14, and 15.

• Spa ll sheet was previously cracked.

a— - - —a Condition 42, 1 = 200°F
° ConditIon 40, ~ = R.T. (SR/SB)

i.— — — — -— a  CondItion 38, 1 = -65°F -

Fi gure 65. Load and strain diagrams for Specimen 4, ConditIons
38, 40, and 42.,
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TABLE 32. STRAIN OATA FOR SPECII-IEN 4, CONDITION 81/82

(SR/F8—S), T~—65°F

• 

- I 
- 

One static runs with Increasing load incr~ nents denoted as CondItion 81
and a dynaaic condition denoted as CondItion 81 are as follows :

-
. 4

Load level Static 1 Dynamic’

2? (lbs) 821

d~,(ln.) 0.90

¶ 4,~,(1n.) 0

Strain Gage
No. Strain t , ~ ln./in.)

1 572 —572
2 —2353 1598
3 —2758 2850

4 —444 533

5 3063 -2198
6 533 —599

- 
- 7 519 —236
- - 8 -422 563

9 —230 621
10 —831 788
11 1281 —755
12 2381 —3822

13 —1081 1036
14 2252 —1462
15 5183 —2054

16 (OUT)
17 0 —294
18 (OUT) ——— 0

19 644 0
20 1085 -590
21 2355 —1608

22 —219 394
23 2536 —1857
24 (OUT )

• 19.3 f~~ 0.047426

* Straln(c4)@ first rebound, and related beam center displacement 6 ,,?
.
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-2~~~~~ Y2
e
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_____ 
519 —422 -23k

t~Ii~ 1085 2355
- 

- I —831 1281 2381

— 
-1081 

~~j~j 3)  
2252 ______ 5183

—21 2536 OUT

L - ~ 
~~~~~O 3

(SR/FB—S), T=—65°F

= 0.90 Inches

2P = 21 pounds

denotes extrapolted

Figure 66. Strain dIagrams within structural plies of Specimen 4, cond. 81
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TABLE 33. STRAIN DATA FOR SPECIMEN 4, CONDITION 83/84.
(SR/FB—S ), RT

Two static runs with increasing load increments denoted as Condition 83
and a dynamic condition denoted as Condition 84 are as follows :

Load level Static 1 Static 2 Dynamic*

2P (ibs) 494 798

1.02 1.35 —0.96
oH (in.) o o

Strain Gage
No. Strain c (;j in./in.)

1 1150 1677 -1006
2 —1988 —2342 1966
3 -3816 -4781 3816
4 —5 77 622 —533
5 2638 3913 —2682
6 525 700 -503
7 —739 693 -531
8 —457 549 -663
9 —362 —317 566

10 —260 217 -780
11 878 1432 —901
12 2159 3191 2229

13 —1352 —1262 1622
14 1859 2669 -181 1
15 4607 6282 4502

16 (OUT)
17 -457 —229 412
18 (OUT)
19 736 1241 —713
20 751 1267 — 774
21 2094 2230 -2185
22 0 704 -1894
23 2231 3257 —2253
24 (OUT)

z 14.35 H
~ 

= 0.051091

* Strain C
d at first rebound , and related beam center displacement ~~
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(Stp . 1) (Sta . 2) (Sta. 3)

Beam s

______ 
,1677 —2342~ —4781

______ ____________________ 
549 -31~~ ~~

OUT -229 OUT

~~~~~
l267 ~ ~~~223O

217 1432 3191

— 
1262~~© ®~~~2669 ~~~~~~~~~ 282 ~

84 ~ ij. 3257 ®JUT

622 3913

(SR/FB—S), RI
= 1.35 inches (stati c 2)

r 2P = 798 pounds
denotes extrapolated

Figure 67. Strain diagrams wi thin structural
plies of SpecImen 4, Condi tion 83.
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TABLE 34. STRAIN DATA FOR SPECIMEN 4, CONDIT ION 85/86.

(SR/FB—S), T—200°F
Two static runs with increasing load increments denoted as Condi tion 85
and a dynamic condition denoted as Condition 86 are as follows:

Load level Static 1 Static 2 Dynanhlc*

2P (lbs) 191 602

~~, 
(in.) .98 1.70 —1.08

6H (ifl.) 0 0 0

Strain Gage Strain c (
~ in.Iin.)

— No. 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _

1 —1294 -2109 1869
2 —2545 —4011 1 768
3 -4870 -6827 4005

— 747 -879 769
5 2200 4658 -2560
6 OUT OUT OUT
7 —1659 -2197 121 1
8 -888 -1066 644
9 — 747 —1011 769

10 0 513 -449
11 4 18 1254 -743
12 276 3035 -1657

13 — 1838 —2018 2287
14 1542 3276 —1710
15 1587 7179 —4335
16 OUT ouT OUT
17 1092 —592 592
18 OUT OUT OUT
19 457 1555 -274
20 511 1347 -650
21 1524 2780 -1569

22 0 388 —151
23 1953 3302 -1829
24 OUT OUT OUT

p 
_ _ _ _ _ _ _ _ _ _  __________________________ —~~~~~~~

= 9.8 Hz 0.04559 7
* Strain td at first rebound , and related beam center displacement 6~,.
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L ®
4b58

(SR/FB—S), 1=200°F
= 1.70 inches
= 0

2P = 602 

denotes extrapo lated

Figure 68. Strain diagrams within structural
pl ies of Specimen 4, Condi tion 85.

176



________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~- r ~~~~~~~~~~—~-

specimens wi th tight fitting and loose fitting holes could not be made.

Figures 66, 67 and 68 strain diagrams at Stat on 2 show that the
diagrams are almost in line and have similar slopes for all three tempera-
ture test conditions . Note that strain gages 16, 18 and 24 were not

functioning for all conditions , and that gage 6 “went out” during the
high temperature test.

Miscellaneous Tabulated Strain Data for Multi -Layered Beam

Miscellaneous tabulated strain data for the multi-layered beam specimen

4 follow . Table 35 is for a beam, conditi on 46 at room temperature , wi th

double row attachments installed in tight fitti ng alumi num bushings. Table
36 is for a beam, Conditi on 48S at room temperature, with a double row
attachments, aluminum bushings, and support bases that are locked from
sl iding .

• : The spring constant for beam Conditi on 46 was 391 lb/in , and for
• beam Condition 48S, of 680 lb/in. Thus , the beam wi th the locked supports

appears to be 74 percent stiffer than the beam condition wi th one sliding

base support. In actual aircraft wi ndshield installation , the tangential

restraint at the edge attachment would be somewhere between the restraints
provided by the sliding and locked supports.

Comparison of Thick Core and Multi-Layered Beams
Since the mult i-layered beam spall sheet had been cracked, a comp lete

comparison between the thick core and mu l ti-layered beams could not be

accompl ished . However, for the simply supported single row attached beams

wi th pivoti ng end configurations (SR/SS-PIV), the spring stiffness of

each beam was approximately 500 lb/in. After the multi-layered beam spall

cracked , the spring stiffness changed to 264 lb/in; the percentage reduc-
tion of spring stiffness was about 47 percent. The spring stlffnesses

were determined by divid ing the applied load 2P by the amount the beam

center displaced. 
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TABLE 35. STRAIN DATA FOR SPECIMEN 4, CONDITION 46/47
(DR/SB), RT

Two static runs with Increasing load Increments denoted as Condition 46
and a dynamic condition denoted as Condition 47 are as follows:

% 
___________________ __________________________________________________ __________________

Load level StatIc 1 Static 2 Dynamlc*

2P (‘Ibs ) 406 782
6~ (in.) 1 2 —1.18
6,.i (in.) 0.17 0.26

Strain Gage Strain c (
~ ln./in.)

1 1438 3115 —1342
2 —2264 —41 37 2721
3 —4283 —8120 5019
4 —739 —1294 693

• 5 2651 5081 —3424
6 569 2188 —875

7 —884 ~.l8ll 751
8 —828 —1379 919
9 —595 -1052 800

10 —~69 —892 1026
II 474 1294 —1014
12 1951 3809 —1626

13 —2137 —4223 2442
14 1998 3463 —2331
15 4713 9288 —5776

16 2023 4460 —2552
17 —620 —453 596
‘18 —1225 —2025 1145

19 181 362 —249
20 479 1197 —798
21 1997 3762 —2346

22 0 280 0
23 2121 4241 —2805
24 0 0 -1121

13.6 H2 0.069769

* Strain Cd at first rebound, and related beam center 
displacement 6,.
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TABLE 36. STRAIN DATA FOR SPECIMEN 4, CONDITION 48S/48D.
(OR/ FB), RI

Two static runs with increasing load Increments denoted as Condition 48S
and a dynamic conditi on denoted as Condition 481) are as follows:

*Load level Static 1 StatIc 2 Dynamic

• 

‘

~ 2P (lbs) 620 803 0

~ 
(in.) 1.00 1.18 —0.66

6i.i (in.) 0 0 0

Strain Gage .

No. Strain ~ Cu in./in.)

1 1390 1581 —934
2 —17 42 —21 34 1633
3 —3391 —4149 3034

4 416 462 —347
5 3048 3534 -2496
6 700 963 -350

• 7 —530 —751 398
8 —368 —414 505
9 —183 —229 823

• 10 134 982 —402
11 1078 1294 -1294
12 2322 2787 -1486

13 -1069 —1221 1170
14 2264 2575 —1776
15 4852 5730 —4020

16 2437 2988 —1954
‘17 0 0 0
18 —533 —533 613

19 1132 1359 —679
20 997 1197 -738
21 2276 2601 -1742

22 233 280 0
23 2518 3093 -4020
24 0 224

14.2 Hz 
= 0.061075

* Strain td at first rebound , and related beam center di splacemen t 6~ .
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The spring stiffness versus temperature change for the thick core
beam with several different edge restraints are shown in Figure 69.

The plotted data and curves are for the edge restraint conditions of:
Single row/sliding base (SR/SB), double row/sliding base (DR/SB), double
row/fixed base (DR/FB), and single row/fixed base, with sealant fi lle d
bushings (SR/FB—s). For the specimen 2 edge restraint conditions , 19,

21 and 23, (SR/SB), the spring stiffness was approximately constant.
For ConditIons 63, 65 and 67 (SR/FB—S), the spring stiffness varied
linearly, decreasing with temperature. This indicated that the change
was mainly caused by the softening of the sealant. As can be seen in the
figure, the beams with the end restraint conditions , 25 , 27 and 30 (DR/SB),

• and 29S (DR/FB), provided much hi gher spring stiffness. Only one point

was plotted for the 29S (DR/FB) condition since only a room temperature
• test was run. The spring stiffness curve for the DR/SB would be expected

to be parallel to the cruve for the SR/SB condition ; but it was not. This
may have been caused by instrumentation recording error. The simply
supported beams relative spring stiffnesses are shown for reference only.

• The spring stiffness versus temperature change for the multi-layered
beam (Specimen 4) wi th several different edge restraints are shown in
Figure 70. This laminate beam (acrylic face plies , two structura l plies
of po lycarbonate , and three layers of PPG112 interl ayers ) appeared to be
greatly affected by temperature change. The curves for SR/SB and DR/SB
practically coincided. Actual ly, the Conditions 44, 46 and 49 (DR/SB)
shoul d have been stiffer than the Cond iti ons 38, 40 and 42 (SR/SB); this
was probably caused by l oad reading errors. The fixed base edge restraint
Conditions 81, 83 and 85 (SR/FB-S ) and 485 (DR/FB), showed hi gher spring

stiffness characteri stics as expected.

• The last method of comparison is the damping ratio wi th respect to
• temperature change for the two specimens. The abbreviated dan~ing ratio

by the al ternate method as shown in A poendi x C, was used to determine

• average damping ratios. The results are shown in graphical form only. Figure
71 shows the curves for damping ratio versus temperature for thick core pl y
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Specimen 2 (with CIP interl ayers), for edge restraint Conditions 19 , 21
and 23 (SR/SB ) and 63 , 65 and 61 (SR/ FB—S). A single point for Condition
29S (DR/FB) is also included. Also shown is the curve for the damping

beam, Specimen 6, for reference purposes. Likewise , a set of curves are
shown in Figure 72 ,or the multl-’hyered Specimen 4. Both sets of curves
show similari ty to their referenced damping beam specimen curves. It is
assumed that the temperature effect as shown by these curves was mainly
caused by the characteristics of the beam laminated materials rather than
by the characteristics of the edge restraint and/or oscillatin g support
base (one end free to vibrate horizontally).

The concluding Figure 73 shows the comparison of Specimen 2 with
Specimen 4 damping ratio versus temperature for the edge restraint
SR/FB—S . Specimen 2 damping rati o decreases with an increase wi th
temperature, Specimen 4 damping ratio was about the same as that for
Specimen 2 at room temperature; but the damping rati o for Specimen 4
decreased at both the low and high temperature goals.
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SUMFIARY

• The sal ient features derived from this study of the laminated beam
strain distribution characteristics caused by various temperatures , loads ,
and edge restraints are sumarized in subsequent paragraphs .

A comparison of the longitudinal strains in a thick core ply beam,
simply supported versus fixed-end , was made . In theory, a simpl y supported
beam would have zero end moments (or strain), and the strains at the beam
ends were zero for test Condition 15 (SR /SS-PIV), even though the plies
were interlocked with edge fasteners . Theoretically, the fixed-end beam
end moments, wi th two-noint eaual loading conditions at one-third of the
beam length locations should be 2 £1/3 (negative ) and 1/3 (positive) in the

constant bendinci section . Two fixed-end beam conditions and the simp ly

supported beam longitudinal strain diagrams were superimposed in Figure 37.

It should be noted that the strain diagram ’curves for the simply supported
• and fixed-end beams were not parallel . The nost likely reason for this is

that the simply supported beam inter1ay~r experiences greater shear
strains caused by the deflected geometry of the beam in respect to that of

the fixed-end beam condition . Uti lizing the one-third , t~,o—thirds strain
distri bution theory, the 7ercentage of end f ixity t~ s asscsse~ to te ~4 per-
cent fixity for the single rot-i attached Learn and ~4 percent fixit~

, for t~e
two ro ti attached beam.

The long itudinal strains In the simply supported beam with and without
attachments were compared. Condition lOlA had bushings and bolts removed

and Condition 1078 had bushings only installed locking the plies together
-

• 
at the attach points. This test was conducted to study the interl ayer shear
load transfer characteristics (Figure 38) . Figure 41 shows Condition 1C7~
multi— strain distribution for each back-to-back strain gage set at each
structural ply station . It was noted that the lower spall ply bending
strain diagram component had been translated to the right , indicatin g

potentially induced tensile strains caused by interl ayer shear load transfer.
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It was al so noted that the upper glass ply indicated only a slight compressive
strain component; this can most likely be attributed to the hi gh modulus

: of elasticity of glass relative to polycarbonate (approximately 30 times
greater). The percentage of axial strain increase caused 5y the addition
of the tight fitting aluminum bushing does increase the tensile (25 percent
in the lower spall ply) and the compression (10 percent In the core ply)
strain components (see Figure 49). This upper glass ply did not seem to
be affected by this condition because it is considered to be a floating

• - ply.

The long itudinal strain distri bution in beams with a single row of
attachments (Condition 65) and sealant filled holes was compared to a
beam with a double row of attachments (Condition 29S). Condition 65
displayed a 22 percent strain increase , in the attachment area, over the
Condition 29S. The beam center displacement for CondItion 65 was also
64 percent greater than for Condition 29S.

The longitudinal strain distribution characteristics f~~ the multi-
layered beams tested were similar to the thick core ply beam. The multi-
layered beam, wi th PPG112 interlayer , strain acts riore l ike a monolithic
beam . The mul ti-strain diagrams display strain slopes that are airost
in-line from the upper to the l ower surface for each station location
(Figure 58).

The thick core ply and multi -layered beams were compared for both sprinc
• stiffness and damping ratios. The spring stiffness (at room temperature)

for the thick core ply beam was 1500 lb/ in, for the double row attached
condition with bases locked from slid ing, and 910 lb/in, for the single
ro’-, attached condition with sea lant filled holes and locked bases. The
multi-ply beam maximum spring stiffness was 680 lb/in, for the double row
attached condition with the bases locked from slidIng , 400 lb/ in, for the
single row attached condition , and 595 lb/in, for the single row attached
condition with sealant filled holes (Reference Figures 69 and 70).
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- The damping ratio, with respect to temperature change , for each of
the two beams is shown in Figure 73. Both c~rve patterns are similar to
the corresponding damping beam specimen curves , and it is assumed that
the teinpereture effect was due mainly to the characteristics of the
beam materials.

189

--- ‘.—-—•--—— A



SECTION VI

TEST RESULTS AND ANALYSES FOR IMPACT BEAM SPECI~1ENS

Section II of this report described the objectives, specimens,
condi tions, set-ups , and procedures for this series of impact tests.

The instrumentation developed for this series of specimen tests was
• described in Section III.

Within Section V the results and assessment of the strain distribution

for the static/dynamic beam specimens were presented. Althoug h both static

and dynamic strain data were tabulated , only the static strain data was

assessed. These strain distri butions were assessed for various temperature

and edge restraint conditio’is. The relevance of Section V to this section
is that the impact specimens were previously tested as the static/dynamic

• beams.

This section presents the results and analysis of a series of three
impact beam tests. The purpose of these impact tests were to evaluate

the strain distribution, strain rate, strain gage failure point , and

beam failure mode. To evaluate the stated impact effects , the beams
were to be subjected to plasti c deformation .

SPECIMEN DEFINITION AND TEST TEMPERATURES

The paragraphs that follow present the specimen definitions and testing

temperatures.

Specimen Definiti on

The three specimens used in this test were the thick core pl y beam

specimens Numbers 1 and 2, and the multilayered beam specimen Number 4.

Ideal ized specimen diagrams defining the installed beam edge restraints

are shown in Figure 74. The referenced drop weight Is also shown .
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Drop deight 60.7 lb
Ref. to Figure 78 for

(Drop Height) 
impact strain diagram

H =  20 ft

Il— I I i ’ 1~• ) Specj men l fl~~
)

Condition 108

~rop )
4eight 60.7 lb

,/~ef. to Figure 81 for
(Drop Height) ~/

‘ impact strain diagram

H = 20 ft 
//
‘ 

f~0ad cell
SR/FB_S*

C~nditi on 87

Drop Weight 60.7 lb

( D r o p H g )  ef. to Figure ~ for

I I 
~~~~~~~~~~~~~~~~~~~~~~ 

SR/FB~S*
j Speciiien 4 I

Condition 88 ‘77/ ’

*Refer to Table 5 for Edge Restraint codings.

Figure 74, Idealized Specimen Diagrams,
Impact Beam Test.
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Test Temperature

The impact specimens were tested to destruction at room temperature.

DATA DOCUMENTATION PRESENTATION METHODS AND ASSESSMENT OF TESTING ERRORS

A method of reducing the numeri cal strain data from the impact beam
responses into meaningful strain diagrams is presented, and a means of : 1
assessing testing errors is discussed in subsequent paragraphs.

• Data Docui. ~ntation Presentation Methods

The strain data is presented in the form of oscillograph recordings

for the strain magnitudes in respect to time , and mul ti -strain diagrams
within the structural plies . Only the beam center multi—st rain diagrams
for the thick core ply beam Specimens 1 and 2 were shown, since these

• were the highest recorded strains. For the multilayered beam Specimen
4, all multi—strain diagrams are shown.

Assessment of Testing Errors

In addition to the method used for the “assessment of testing errors”
described in the preceding Section V , the oscillograp h strain recordings
were assessed for strain continuity . In the area where the maximum
strains occurred (either rupture point of a structural ply and/or a
strain gage failure), the multi—strain diagrams were constructed and are

shown for assessment of possible strain error distribution .

RESULTS AND ASSESSMENT OF SPECIMEN STRAIN DISTRIBUTION , STRAIN RATE
AND FAILURE

This subsection presents the results and the assessment of the strain

distri but ion, strain rate and failure for each specimen . A comparison

is made between the thick core and multilayered impact beams in tabular
form.
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Thick Core Beam Specimen 1 I~pact Strain Uistribution

Figure 75 shows the Specimen 1 strain gage arrangement for this

test, The specimen instrumentation was limi ted to external strain
gages. Test instrumentation was a horizontal (LVDT) device to measure
the displ acement of the support slide—plate .

A 60.7—pound weight was dropped from a 20—foot hei ght onto the beam
Specimen 1 as noted in Figure 76. The weight impacted a wooden load-

• distri bution block . This block had a cylindrical radius that was repre-
sentative of the main core—ply impacted beam curvature that may force the
beam into plastic failure range.

By means of geometrical analysis the vertical deflection of the beam
center was determined to be approximately 4 inches. The r.iaximum horizontal
displacement measured by the LVDT was approximatel y 1.00 inch.

Figure 77 shows the actual chart recording of the impact beam test
• results of strain versus time. The hi ghest recorded strain was for strain

gage Number 6 (c5 = 33,061 p in /in, at time t = 22.5 milliseconds). It
is believed that the highest reading should have occurred at strain gage
Uumber 4 near the fixed—end , but this gage failed at t = 13 ms, as a
result of the impact.

In Figure 78 the structural—ply strain diagrams shown represent only

approximations , because no i nternal strain gages were present to veri~y

the strain values within the structura l plies.

• Thick Core Beam Specimen 2 Impact Strain Distribution

• This thick core beam Specimen 2 (laminated beam with one thick poly-

carbonate core—ply) had all three structural plies strain gaged as descri bed

in Section III. In addition to the impact strain data collected , deflec-

tion data was obtained wi th high—speed car~era coverage of a grid board

displayed behind the specimen , and with a vertical di splacement

potentiometer (LVDT).
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• impact beam test of Specimen 1.
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20-Foot Drop Weigh t Height

I 60.7—lb. Drop Weight

Load Distributi on Block

/ Horizontal LVDT

• 
Left Si ~~~~~~ ~J-f~t : 

/

= 1

\ II
Slide Support On

• I a) Initial Impact Ri ght Si de

• 
- 

_______ 
Rebound Wei ght
At Rest

18.00

b) Afte r Beam Rupturing

Figure 76, Test setup for impact beam test of Specimen 1,
Condition 108 (DR/ SB—S).
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Figure 77, Oscillograph recording of strain gages 4 and 6 response versus
time for impact beam test of Specimen 1.
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• 
• Figure 79 shows the test set—up for Condi tion 87. The test required

a 20—foot drop of the 60.7—pound weight onto the approximate center of

the beam. The hori zontal reaction load was measured. The test data
compi led ind i cated that the drop wei ght reached a veloci ty of 36 feet
per second at impact and the beam center deflection was measured by the
Linear Voltage Differential Transducer (LVDT) to be approximatel y 5.25
inches. Subsequently, the LVDT measurement was veri fi ed by high-speed
camera coverage. The beam deflected mode shape is illustrated in the
figure. To prevent direct contact with the strain gages the target
impact location was directed to be one inch off the center line and

misgu i ded one inch to the rear, thus, causin g transverse wave moti on i n
both the longitudinal and lateral direction .

Recordings were made of the strain gage readings as a function of
time and are shown in Figure 80. The strain rate was approx imately

• 6 in.,/ in./sec . and 7.6 in./in ./sec respectively at Gages 15 and 18. The

heavy lines represent the readings for str~’in gaqe ~‘lumbers 1 . and 18 ,
F’ • l ocated on the ma in core ply which showed maximum strains at Gage ‘Iumber

15, 17 ,616 ~ in./ in. ( compression ), and at gage Number 18, 20 ,078 ~ ln./ in.
(tension). It is believed that the maximum strains were the resu1~. of

either the gages failing or caused by the rupturing of the core-ply. The

dashed lines represent the readings for strain gage Numbers 6 and 12

located on the spall ply.

To illustrate the strain on the various plies of the l aminate ,

Figure 81 was developed to show the relationships at selected times . The

strains shown were determined at time (t) equal to 8.6 milliseconds . The

strains on the spall ply at t = 14.3 milliseconds is shown as a dashed
line.

Multilayered Beam Specimen 4 Impact Strain Distribution

This was the first impact test performed. Knowledge gained from this

test was applied to the impact tests for Specimens 1 and 2.
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• ~O-ft. Drop Weight Height

r60.7-lb . drop weight
/ impact velocity 36 ft./sec.

tV Specimen 2

/ 1— 20K
/ Load Cell —

~~~ / I 
Tie Rod

Ii e R o

JTh ,~ ~~~~~~~~

1~~L LVDT Truss, 4-inch diameter
Vertical Displacement turnbuckle
Potentiometer

• 
• a) Initial Impact

Thes: bolts failed 
Drop-weight (60.7 1b.)

0.87 P~~~~~ cracked ~~~~~~~~~~cen r 0.150 spal
(and 1.00 sheet cracked
towards the rear) at both ends

b) Beam Rup turing

Fi gure 79. Test set—ufl for impact test of Specimen 2 , Condition ~,7(SR /F3—S).
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Figure 30. Oscillogra ph recording of strain vs. time , for
impact beam test of Spec imen 2 , Condi tion 37.
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Note: Strain data was taken at time t 8.6 ms after impact.

Figure 81. Impact beam test , structural—o ly strain—diagrams
for impact test of Specimen 2 , Condition 87.
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This beam specimen (two structural plies of 0.188-inch polycarbonate ,
• with two outer floating plies of acrylic) had all four plies strain gaged

as described in Section III. Strain data was recorded for all gages
except for Gages 16, 18, and 24.

The test set-up for this test was similar to the set-up for Sierracin
Specimen 2 (shown in Fi gure 79), specified as Condition 88; the drop
heigh t was 11 feet, and the impact velocity was 26.6 fps. The impact
beam test Is illustrated by Figure 82 snowing the test configuration just
prior to impact , just prior to rupture of the beam , m d  after the beam

• had ruptured.

Figure 83 shows a typical strain gage oscillograph recording, which
shows the strain as a function of time for the various strain gages. The
strain sequence from the initial impact through beam rupture is effectively

• shown in the figure .

Figure 84 graphically shows the peak strains achieved within each
• structural ply of Specimen 4. These are the strain readings at time

t 0.0094 second (9.4 milliseconds ) after impact. Maximum strains
occurred at this time. Subsequently, all strain gages failed at this
location except strain Gage i~umber 3.

Strain Rate of Impact Beams

The strain rate (
~

) (in./in ./sec) is defined as the instantaneous

slope of the strain per time curve. That is , R is equal to the change

of strain divided by the change of time. The strain rates near the
beginning of impact and near the max imum strain occurrence for Spec imens
1 , 2, and 4 are shown in Figures 77 , 80, and 83, respectively. The strain

rate near the beginning of impact is subscri pted with its gage number

and the letter Had ; the strain rate near the max imum stra in occur rence
is subscripted with its gage number and the letter ‘b” . For gage loca ti on
see Figure 78 (Specimen 1), Fi gure ~1 (Specimen 2), and Figu,e 84 (Sped-
men 4).
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• 
H = 11 ft—2 irs ., iieiaht I 1~~-~ 14 = bO.7 ib , wei ght

I F - Spec imen ~1o. 4

_ _ _ _ _ _ _ _ _ _ _ _ _  34.70 _ _ _ _ _ _ _ _ _ _ _

(
~

)

Arrested weight

~~~~~~~~~~~~~~~~~~~~~~~~~ Bo1 ts b;n t

VIEW (a) JUST PRIOR TO IMPACT ;

VIEW (b) JUST PRIOR TO BEAM RUPTURE;

VIEW (c) BEAM RUPTURED.

Figure 82. Impact sequence for Specimen 4, Condition 88 (SR/FB-S).
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Figure 83. Oscillograph recording of strain versus time for impact
beam test of Specimen 4, Condition 88.
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Figure 84. Structural-ply diagrams for imoact beam test of
Specimen 4, ConditIon C8 (SR/Ft-S).
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Shown in Fi gure 77 are the average impact strain curves (phantom

curves) for Gages 5 and 6 of Specimen 1. The average impact strain rate

~~ AVG~ 
was 2.5 in./in./sec. Secondary wave motion caused higher

recorded local strains , such as 16.4 in./in./sec. for R6b. Thi s was a
center bottom gage located on the main core ply. This was the highest

• 

•

• recorded tensile strain rate for all three specimens. A hig her strain

rate for Specimen 2, where = 27.6 in./in ./sec., was recorded ;

although, this was probably due to the cracking of the core ply or strain
gage slippage.

Beam Failure Anajyses and Edge Attachment_Evalua tion

• Beam failure analyses and edge attachment evaluation for the three
impact specimens follow.

• The thick core beam, Spec imen 1, had both ends f i xed w ith two rows
of attachments that prevented the ends from rotating, but one end was
free to slide inward. Thus , the largest bending moments and strains

should occur near the beam attachment areas. Although the beam did
sever at its ends , as would be expected; the maximum recorded strain ,

= 33,061 ~ in./in., occurred at the beam center lower surface , as noted
in Fi gure 77.

Figure 85 shows a sketch of the approximate ruptured condition of

Specimen 1. In review of the beam ruptured areas , the failure rrode
appeared to be a britt le fracture of the polycarbonate material in both
shear and tensile failure modes. An examination of the edge attachment
area showed that no failure occurred in the polycarbonate material at

• the edges, and the bolt holes , bolts , and bushings were observed to be
in good condition .

The th ick core beam , Spec imen 2, had both ends fixed with a single
row of attachments that prevented the end from rotatiro , except through

means of bolt bending.
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/
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//,/

/ — Sheet

~~ \, Bottom Surface

(~ 
• .  Stra in Gages , Near and Far Side

• Fi gure 85. Sketch of approximate ruptured shape of impact beam test of
Specimen 1 , Condition 108.
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Specimen 2 was examined after the impact test and it was determined
that all of the structural plies had fractured, as shown in Figure 86.
The outer glass p ly, being chemically strengthened glass , was comp letely

• fractured as expected. The main core ply fractured under the point of
impact and at one end; and the spall ply failed at each end adjacent

• to the attachment area. A phenomenon that was observed was a localized

• thinning or necking of the spall ply ininediately below the point of
impact. This thinning was 0.020—inch in depth by 0.20-inch in width by
1.00 inch in length .

A determination could not be made regarding the cause of failure of

the main core ply at the one end. The horizontal load cell (LC) indicated

that there was a max imum load of 10,700 pounds. Assuming that the main
core ply would absorb the entire tensile l oad through the bolt attach

area (5.05 square inches), the resulting stress would have been only
2120 psi. Yet, this tensile l oad would have been additive to the stresses
resulting from the hi gh bending moment which could not be assessed because
the strain gages were inoperative . These important strain gages were

• Numbers 10 and 13. They were l aminated in the initial beam specimen ,

but had failed previously, as noted in Section V.

The multilayered beam , Spec imen 4 , had an end—fixity that allowed
only rotation through bolt bending by having only one row of attachments

at each end. As noted previous ly this was the fi rst impact test conducted.
The beam was examined and it was found that the beam was severed at the
middle wi th no apparent damage in the attachment areas and it was deter-
mined that the two halves of the beam remained straight indicati ng that

there was no permanent deformation of the materials at impact. The

fractured beam and bent attachments are illustrated in Figure 82. The

maximum recorded strain was determined to be £15 = 22 ,764 p in./in., noted

in Figure 83. This gage WdS l ocated at the beam center bottom on the

polycarbonate pl y surface as shown in Figure 84.
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0.87 PC core ply—\
cracked approximately \
5 places near beam \\ 

Right end
-~~~ center

Top-side

/
• External strain-gage •

/ / 
(~s—Core ply fractured .1 /

• 
\a t  edge attachments 

~~ ,~~~ 
~~ / 

/ 

(~~

/ 
~~~i’~

I
~ 

/  /
\ // //

‘ • —  crac k in
I , spall-sheet

/ / / \~* / / — I Bottom-side
• 

~~\ /
,-.,~ 

_ —
~~~ Plas ti -zone failure (material necked

I ~ .— down ; 1.OOxO.20 wide x 0.02 deep)

In ternal strain—gage

• Left—end 0.150 PC spall—sheet
cracked approximately
as shown

Notes: 1. bolts were bent between the beam and support - surface.
2. Four bolts on the left end failed in tension through the

cotter pin hole within nuts , and one failed between the
beam and support surface.

3. The beam returned to a straight (flat) configuration after
impact deflection .

Figure 86. i~pproximate location and mode of cracks, in Specimen 2
(Part ‘4o. Z5942626 — 50l) .
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Comparison of Thi ck Core Ply Ceam Versus ~4u1tilyaered Ply Beam Impact
Tests

An impact test suninary , Table 37, is presented for a consise suninary
of the beam characteristics , and impact characteristics for comparison.

For each specimen number and condition , the edge restraint code, drop
weight and height, are listed. The veloci ty shown is the instantaneous
drop weight velocity at the time of impact. The maximum strain shown is
for that strain that occurred at the beam center. The corresponding

stress and strain rate is also listed. Also included is an index to the
figures in this subsection.
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TABLE 37. IMPACT SEAM TEST SUMMARY

1S pecimen No. 1 2 4

Condi tion No. 108 87 —— 88

Edge Restraint3 OR/SB SR/FB—S SR/FB-S

Drop Weight (ib) 60,7 60.7 60.7

Drop Heig ht2(ft) 20 20 11

Max. Velocity (fps) 36 36 26.6

Vertical Deflection 4 5.25 4 to 5Maximum (In)

c:nter (~ in;in 
C6=33 ,061 £

i~~2O ,Q73 c
15

_22 ,764

~Correspondin g Stress~ 11 ,241 6,827 7 ,740

~Corresponding Strain R6b=1 6.4 RlBb =7.6 RlSb =7.8

Set-up and Impact
Figure No. 76 79 32

~ Oscilla tion Record
— Fiaure No. 77 80 33

~ Strain Map
~— Figure No. 73 31 34

‘ Post Test

F 
Figure No. j  85 36

NOTES: 1) The corresponding stress was calculated from the basic stress
equation ,f =cE , where the assumed Modulus of Elasticity , E,
=340,000 psi.

2) Drop wei ght height calculated per method described in Section
II , equation (3).

3) Refer to TABLE 5 for explanation of Edge Restraint coding .
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SECTION V II
MATRIX ANALYSIS METHOD FOR THE DETERUINATION OF

DAMPING FACTORS AND CORRELAT ION OF
BEAM STRAIN RESPONSE WITH THEORETICAL ANALYSIS

Thi s sec tion presents the method of calculat ing structural ply,
interlayer and air damping constants from data obtained by testing the

• damp ing specimens described in Section II. Results of test analysis
corre lation studies conducted on a damp ing beam, and a 36—inch specimen

• are described.

The analytical method of reducing the damping beam test data , and

of calculating beam responses for test correlation purposes , is based
upon the dynamic finite element analysis technique which is incorporated
into the Bird Impact Math Model , Reference 1 .

• The present correlation studies apply to damping specimen Number 6,
test Condition 5; and 36—inch specimen Number 2, test Condition 15. These
studies include no case of dynami c impact , but the results of a correla-
tion study of a 36— by 36—inch laminated transparency subj ected to bird
impact may be found in Reference 1.

1ATRIX ANALYS IS METHOD AND PROCEDURE FOR THE DETERMINATION OF DA~1PING
FACTORS , AND RESULTS

This subsection presents the method of determinina structural ply,

interlayer , and a i r damp ing cons tants for lam inated can ti levered beams .
This includes a sun~ary of the matrix analysis procedures for determining

damping factors, a description of the finite element model required in

this analysis , and a tabulation of the results . The damping /stiffness
ratio h, as a function of temperature for various windshield materia ls ,

and a visual comparison of the calculated oscillatory response of dampinq

spec~nien Number 6, with test data for Conditirn 5, are presente d

(Figures 89 and 90).
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Itatri x Analysis Method for Determining Damping Factors

A l aminated cantilever beam was selected as the specimen for deter-
mining interlayer damping properties. The beam consisted of two struc-
tura l plies separated by interl ayer materia i , as shown in Figure 87. The
rationale for this approach was that the specimen should represent the

• • laminated transparency to be analyzed , as nearly as possible , in order
to minimize errors involved in test—data reduction , and to aid in sub-
sequent analysis of the transparency.

The laminated design of the specimens , however , precluded the use of
the elementary beam methods often employed in determining damping constants.

• The figure shows the deformed shape of the vibrating beam as determined
• from a finite element analysis employ ing the t3ird Lmpact Math r4odel. The

figure shows the large shear strains present in the interl ayer. In the
Math Model , interlayer strains are represented by shearing strains in

• 

• 
finite elements that represent the actual interl ayer, as the figure

- 
‘
. indicates. Elementary beam methods do not account for these strains ,

consequently such methods are not applicab le.

Two feasible apnroaches are: (1) the finite element method , and
(2~ a differential eauation approach similar ~ the static analysis of
Reference 11. The latter method can possibly be extended to dynamic
case~., as mentioned in the section on “Recommendations ” . The develop—
i~ent of the differential -equation method was not feasible within the
time constraints of the present program ; consequently, the gird Impact
Math lodel was employed. The following paragraphs exp lain the app l4 ca-
tions of the Math Model for establishing the damping properties.

The differential equation for the response of a finite element

model of the laminated beam to an initial tip displacement , assuming

linear viscous damping is

( 37)
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. Specimen 6, Condi tion 5
• Polycarbonate Structural Plies with CIP Silicone Interlayer

• 1st Natural Vibration Mode Shape

• ~, denotes interlayer distortion angle (shear strain).

Figure 87. Deflected beam model of finite elements .
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where ~ = a column matrix of displacements , and H, C and K are square
matri ces consisting of mass , damping and stiffness coefficients .

• - 14n adequate finite—element model of the laminated cantilever beam

necessar i l y has a large number of degrees of freedom; in sucfl cases ,
it is appropriate to reduce the magnitude of the problem by making the

• transformation:

(38)

where ~ i s a column matr i x of transforme d di s p l ace men ts , and I i s a
• transformation matrix. If I is a square nonsingu lar matrix , the number

of transfori~.ed displacements is equal to tne number of untransformed
displacements , and no approximation is introduced. If T is a rectangular
with more rows than columns , then the numoer of transformed displace-
ments can be si gn i f i can tl y reduced , although approximations are thus
introduced. If I is an appropriate transformation , the approximations
are sma l l .

Substituting ~ from Equation (38) into Equation (37), and multi plying
• on the left by TT gives

(39)

where:

l~ = TTMT; t TTCT; •g• = TTKT; (40a,b,c)

and the superscript I indicates a transposed matrix.

One ~ay to establish a suitable transformation is to employ the

natural modes of vibration for the beam. Setting C = 0 in E q u a t i o n  (37)

gives the differential equation for free undamped vibrations:

M~~ + K ~~ =O. (41)

In the free vibration , the motion is a simp le harmon i c; therefore ;

* A~~in wt. (42)



—- ——~~~ —---~--—

El iminating ~ from Equation (41) and (42), and combining the two
equations gives

(K — w2M) 
~m 

= 0. (43)

This characteristic equation can be solved for the ei genva l ues ,
• • (natural fre quenc ies squared) , and the ei genvectors, 

~ 
(natura l modes

of vibration). The natural vibration modes can then be used as columns
of the transformation matrix I. In this case, the matr ix I i s ca l le d
a model transformation , and ~ is called a matri x of “modal coordinates” .

• The justification for using undamped modes to aral yze a damped
mec han ical sys tem i s that if all  of the modes are use d , no approximation
is introduced , since the trar•sf~rmation I is square and nonsingular ,
and the number of modal coordinates is equal to the number of untrans-
formed coordinates. If fewer modes are used , the analysis cai stil ’

• 
- provi de a satisfactory response for the damped system, even though the

displacements of an equivalent undamped system will be different ,
because a linear combination of the undamped modes can be found , from
the analysis , which will represent the damped response , provided that
a sufficient number of suitable modes are employed . In the laminated
beam, the damping introduced by the interl ayer is rather small , so that
the shape of the deflection curve is quite similar to the curve for an
undamped beam. A l so , the method of excitation , by initial ti~ dis-
p lacemen t, produces a simple response which can be represented by a
smal l number of undamped modes.

-Ie now assume that the lowest natural mode of vibration is sufficient
to represent the motion . Subsequent test-analysis correlations have

shown that this assumption is satisfactory . Consequently, I becomes a
column matr ix an d ~ is a scalar. The transformation has the effect of

reducing the vibrating beam to a sing l e degree of freedom sys tem .
Consequently the following standard equation for damped sing le deqree of

freedom systems applies:
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2y ‘~IT~T It, (44)

• where tl, ~ and K are the transformed mass, damping ,and stiffness constants
for the beam, based on a single modal degree of freedom, and y is the
ratio of actual damping to critical damping.

The dampinci ratio, y, i s calculated from the lo gar ithmic decr emen t
of the motion subsequent to tip release , as determined from test data.

• The transformed mass IT and the transformed stiffness It are determined
from the untransf or med mass and stiffness matr i ces , H and K, according

• to Equation (40). The matrices , M and K , can be determined from th~
finite—el’ment model , s ince the mass and st i ffness p ro per ti es of the
structural ply and interlayer materials are known . Consequently, ~
can be calculated from Equation (44). The .damp ing constant , C1, for
the interlayer material can be derived from ~~~.

Assume that all of the damping in the laminated beam arises from
• 

‘
• three sources : interlayer damping, structural piy damping, and air

damping; although we expect structural—ply and air damping to be
• si,iall . Therefore, we can wr ite ,

C = C S + C I + C A , (45)

where :

C~ = damping matrix for structural plies ,

C1 
= damping matri x for interlayer , and

CA 
= damping matri x for air .

Mow assume that the structural—ply and interlayer damping matrices ,

• 
.

• C~ and C1, are proportional to the corresponding stiffness matri ces .

Therefore ,

c = PISKS + h1K1 + CA CA 1 , (4 6)

218

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • -‘4



• • ••_ _-,_-- •—•-,_ —•—-—--- -  ••—,,- • .•- • ~- ~• --••-—-—— •———• •,•-•- •—.-—-—•• —•_-_ - •  —•-— ---—-•-—--.•- -- .. -,--—— -••-- ,- ----- — —- • — —.—~~~~-- — - • • - -

j I !
• where ,

h5, h1 
2 material damping—to—stiffness ratios for structural plies

and interl ayer

K5, K1 
= sti ffness matr ices for struc tural pl ies ana i nterl ayer , and

CA 
= an air damping constant

CAl = CA for a uni t values of the air damping constant CA .
The s ign i f i cance of cA is now investigated .

• 

•
~ The a i r damp in g matr ix  CA has as many rows and column s as the struc-

ture has degrees of freedom. It can be seen , from Equation ( 45 ) ,  that
the element in the ~

th and the ~th column of C is the air damping force
in the i degree of freedom resulting from a unit value of the velocity
component in the ~~ degree of freedom. Consider only air damping forces
norma l to the surface , and , as a s imp l i f i c a tion , assume that CA is diagonal ,
so that the air damping force in a given degree of freedom is dependent

• • only on the velocity component in that degree of freedom. Each element
on the diagonal of CA therefore, represents the damping force on the portion

• of the beam surface adjacent to that degree of freedom resulting from a
unit value of the velocity component in the degree of freedom. Now each
ele ment on the d iagonal of CA1 is taken equal te the amount of surface
area adjacent to the corresponding degree of freedom. T herefore , CA

• represents the damping force on a unit area of surface resulting from a
un it component of velocity normal to the surface. The units of CA are
lb—sec/in.3.

The purpos e of def in ing CA1 and CA in this manner is to separate the
geometry of the struc ture , represen ted by CA l , from the dampino property
of the air , represented by CA . The matrix CA1 is known , the scalar CA
remains to be determined. Because of the way in which CA is defined ,
it is expected to be roughly independent of velocity , and of the surface

to which it is apolied. Therefore, the value of CA determined from the

beam can be appl ied to other windshield and/or canopy shaoes.
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The matr i ces Ks, K1 and CA1 are obtained from the finite element

analysis. Therefore, s ince ~ = T
TCT (see Equation (40)),

t =  T~ (hSkS+h IKI + CACA1)T, (47)

or

r = h sItS + h IItI +CA ~A1 , 
(48)

where

Its = TTKSTI It~ 
= TTK1T, and rAl = TTCA 1T. (49a,b ,c)

This approach is now applied to specifi c cases to define the damping
• constan ts:

1. ;ionolithic Beam wi th Meglig ible Material Damping:

Let h5 = h 1 = 0. (50)

This equation applies to the aluminum beam. Therefore ,

~~~~ (51 )

or

CA 5~ 
(5 2)

‘A1
This establishes the air-damping constant CA .

2. rlonolithic Beam with Sign i ficant ilaterial Damping :

Let h1 = 0. (53)

Thi s equation is assu me d to app ly to the monolithic polycarbonate

beams. Therefore ,

• ~~~~= h5R~ + CA~Al , 
(54)

or 

h5 
= (~~ 

- C~~~~ Al )’ (55)

This establishes the structural ply damping—to—stiffness ratio ,

h5.
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3. Laminated Beam wi th signifi cant interl ayer material damping

I—i and structural-ply damping: The damping Constant equation is

~~~~
= h5It5 + h1K1 + cA~A1, • (56)

• or
h1 J. (t - h51t5 - cA~Al). (57)

This establishes the interl ayer damping—to—stiffness ratio,
h1.

This method of calculat ing damping constants is also applicable to
beams comoosed of more than 3 layers, provided that the structural
ply mater ials are al l  the same , and the interlayer materials ’ properties
are also the same.

ilatrix Analysis Procedure for Extracting ~lamping Factors

The procedure for reducing the data appli cable to cantilever beams
consis ts of the fol low i ng steps:

1 . Pro duce a fin ite eleme nt model of the tes t s pec imen and genera te
the stiffness, mass and unit damping matrices: Ks, K1, K, M , and
CA1 as explai1,ed in the preceding discussion.

2. Calculate the static strain in the finite element model at the
strain—gage location , resulting from the same ti p defl ection as
that imposed in the test.

3. Compare the calculated strain to the measured strain.

4. Calculate the fi rst natural vibration mode based on K and ~4.

The mode is a column matrix I.

5. Calcula te the transformed stiffress , mass and unit damping
matrices from Equations (40a ,b ,c) and (49a ,b ,c ) :

221 

- ~~~~~ •~~~ • ~~~~~~~~



— -~~ -~ 
T~ .________

F !

• K5 ” 1
1 K5 1, It1 ’ T T K1

T , R ’ 1 TT KT ,
t l . T M T,rA1 Z T c A1 T.

* 

6. Record the average damping ratio for specimen(s) noted in

Table 14 of Section IV; and also compare

(58)

with the observed damped frequency where:

• 
~~~~~~~ 

(59)

7. Transformed damping matrix using Equation (44): (a scalar)

~ 2y~~~T It,
-

- 
• 

whera

ii, K = transformed mass and stiffness matri ces.

8. Air—damping constant:

For a monolithic beam with negli gible material damping ~a 1um inum
or perhaps glass) compute CA using Equation (52):

~~

where

CAl = transformed air—dampi ng matri x (a scalar) computed
on the basis of a unit air—damping constant , and

CA air—dam ping constant.

9. Structura l —ply damping constant:

For a monolithic beam of the structural—ply material , compute
h5 using Equation (55):

222



_ _  

~~~~~~~~~~~~~

---

~~~~~~~~~

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

--

• wnere:

transformed structural—stiffness matrix (a scalar),
and

h5 structural —ply damping-to—stiffness ratio.

~ 
4 10. Interl ayer-damping Constant:

For a lam inated beam , compute h1 using Equation (57):

h1 =~~~ (~~
- h s Its - c A~~Al ),

where :
= transformed interl ayer—stiffness matrix (a scalar) ,

and
= interl ayer material damping—to—stiffness ratio.

Note that the matrices CA l ’  It5 
and are not necessaril y the same

for all of the specimens , since they are derived for each specimen from
• the appropri ate finite element model . Also , al l  quan ti t ies in a g iven

equation must correspond to the same temperature. In the preceding list ,
Steps 2, 3 and in Ste p 6, the calcula ti on of 

~d’ 
are not necessary steps

in the procedures for finding the damping constants. They are included
to provide checks on the calculations .

Finite—Element Plodel and Results

The fin ite—element model shown in Figure 88 was confi gured according
to Spec imen 6, and its strain response and ampl i tude envelope were com-

puted at several time—points. Specimen 6 has outer polycarbonate l ayers

0.246 and 0.248—inch thick , lam inated with a CIP interlayer 0.120—inch

thick.

The finite—element model cell elements 1 , 20 and 39 are rigid and

represent the clamped support at the base of the cantilever test specimen.
Spring k~1 and kA2 are provided for the purpose of introducing a partially
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clamped condition , if this is needed to represent the test conditions.

Cells 2 through 38 represent structura l plies , and Cells 40 through 57

represent the interlayer. 13y giving appropriate material properties

and thicknesses to these cells , the same model can b~ used to represent• 
-

. any of the several test specimens, whether laminated or monol i thic.

The model is a one—inch wide strip along the longitudinal centerline of

the eight—inch wide specimen . Since such a segment i s constrai ned against
• anticlastic bending because of the ei ght-inch width , the model was also

constrained in the Y degree—of-freedom along both sides.

The data reduction procedure outl i ned in the preceding subsection
resul ted in the characterizing parameters , stati c strai n comparisons,
frequency compari sons , and damping ratios tabulated in Tables 38 to 49.
The damping ratios were summari zed in Table 14 of Section IV.

The air—damping constant and material —damping ratios found in the
damping beam test/analysis procedure (Ref. Tables 42 and 43) were used
to generate the structural damping matrix . A modal transformation based
on the first natural vibration mode of the model was used to calculate
the transformed stiffness , mass, and damping matrices.

Utilizing the appropriate data for the damping parameters with
the Bird Impact i•lath Model program , the Damping-To—Stiffness Ratios ,
h5 and h1, were extracted. A summary of these resul ts i s presented in
Fi gure 89 for various structural plies and interlayer materials.
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Figure 88. Finite element model for damping specimen analysis.
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TABLE 38. SPECIMEN 8 (CONDITION 11.2) ANALYSIS PROPERTIES AND
TEST/ANALYSIS CORRELATIONS

• SYMBOL SPECIMEN NO. 8
ITEM DESCRIPTION UNITS ’ ALUMINUM

TEMPERATURE T,°F 75 
iE~~~~~~~~~~~

• YOUNG ’S MODULUS , Es. LB/IN2 10.3 x 106STRUCTURE 
________________ _____________ ___________ ___________

POISSON’S RATIO , 33STRUCTURE 
________________ _____________ ___________ ___________

SHEAR MODULUS, G1, LB/1N2 --I NTE RLAY ER 
________________ _____________ ___________ ___________

POISSON ’S RATIO ,
INTERLAYER I

DENSITY, 
~ 

LB—SEC2 -3
• STRUCTURE S’ IN4 .259 x 10

DENSITY , P LB-SEC2
INTERLAYER ~
THICKNESS , t IN .250
STRUCTURE S ’ 

___________ _________ _________

THICKNESS , t1, ININTERLAYE R 
________________ _____________ ___________ ___________

SPRING CONSTANT kA , LB/IN 2989.4 
__________ __________

FREQUENCY , f HZ 24 6COMPUTE D C . 

__________

FREQUENCY , 
~T’ 

HZ 23.2

- 

~T)’~T 
x 100 6.0

DEFLECTION ,
IMPOSED I

__

6 1, IN .998

STRAIN , £

COMPUTE D C 
—
_ 1070

STRAIN , 1047TEST T

( £ c - £ T ) /~~T x 100 j _____________ 2.2
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TABLE 39. CALCULATION OF AIR DAMPINrI CONSTANT , CA , FOR SPECIMEN 8.

ITEM SYMBOL , SPECIMEN NO. 8
DESCRIPTION UNITS ALUMINUM

TEMPERATURE P (°F) 75

CRITICAL DAMPING
- • RATIO FROM TEST 1TEST .00379

(REF.) 
____________  _________ _________ __________

TRANSFORME D — LB-SEC2 -3
MASS MATRIX M , IN .301 091 xlO

TRANSFORMED
ST I FFNESS MATRIX g~. , LB 7.20569
FOR STRUCT . LAYERS

• TRANSFORMED LB
STIFFNESS MATRIX I ‘ —

FOR IN TERL A YER IN

• TRAN S FORMED
STIFFNESS MATRIX ~~~~, ~~~~. 7.20569

IN

TRAN S FORMED —

UNIT AIR DAMPING 
C

A1 , IN~ 9.32009
MATRIX

TOTAL DAMPING LB ~~~~ 
-3

— 
.353066x10

C = 2
V
I M K Y TEST IN

• AIR DAMPING LB-SEC 4PER UNIT AREA C
A~~ IN3 

.37882x10

DAMPING /STIFFNESS a
RATIO FOR h

5 (sEc)ST RUCTURAL LAYE RS (Assume d )

• DAMP IN G/STI FFN ESS
RATIO FOR h 1 (SEC)INTERLAYERS
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TABLE 40. SPECIMEN 73 ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS.

SYMBOL SPECIMEN NO . 7B
ITEM DESCRIPTION UNITS ’ POLYCARBONAT E (Mfd. by Sierracin

TEMPERATURE T, °F -35 75 195

STRUCTURE 

— 

E5, LB/IN2 3.66 x iO~ 3.41 x i0~ 3.25 x

POISSON’S RATIO , V s .38 .38 .38STRUCTURE 
_______________

SHEAR MODULUS , S , LB/ 1N 2
INTERLAYER I

POISSON ’S RATIO , ---INTERLA YER I

• STRUCTURE ~~ 
LB SEC 2 .11138 x10 3 .1ll38 x 10 3 1ll38x10 3

DENSITY , P LB—SEC2 _~~~~~

~N TERLAY ER — 

IN4 ___________ _________ _________

THI CKNESS , 636 636 636• STRUCTURE t~, IN .

THICKNESS, t1 , ININTERLAYER 
________________ _____________ ___________ ___________

SPRING CONSTANT , LB/IN __

FREQUENCY , HZ 19.5 18.9 18.5

FREQUENCY , HZ 19.2 18.2 17.4

- 
~
T)/

~~T 
X 100 2.1 3.8 6.3

DEFLECTION , 
6• IMPOSED I’ IN .485 .52 . 85

1440 1547 1438

STRAIN , £ T 1525 1515 1365

( £
C 

— £ T )/ CT X 100 —5.6 2.1 5.3

BES~~V A B~ 
LOPI 228 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TABLE 41. DAMPING RATIOS hs FOR POLYCARBONAT E , SPECI MEN 7B

• ITEM SYMBOL , SPECIMEN NO. 7B
DESCRIPTION UNITS 

POLYCARBONATE (Mfd. by Sierracin)

TEMPERATURE T, (°F) —35 75 195

CRITICAL DAMPING 
~TEST .01264 .00667 .00740

(REF) 
_____________ __________ ___________ ____________

TRAN S FORME D — LB —SEC 2 .319758 .319753 .319750
MASS MATRIX M , 

IN x io~ x iO~~ x lO-~

TRAN S FORME D
ST I FFNESS MATRIX LB 4.84457 4.51385 4.30218
FOR STRUCT. LAYERS

TRANSFORMED LB• STIFFNESS MATRIX I ‘ —

FOR INTE RLAYER IN

TRANSFORMED
STIFFNESS MATRIX K , 4.84457 4.51385 4.30218

K = I t5 + It1 IN

TRANSFORMED -
~~ 2UNIT AIR DAMPING 
~Al IN 9.045054 9.04491 9.04482

MATRIX

TOTAL DAMPING 
— LB-SEC 9.949824 5.06800 5.48922

C = 2 M K 1TEST 
- 

IN x i~
-
~ x l O~~ x

AIR DAMPING LB-SEC .37882 .37882 .37882
• PER UNIT AREA CA~ IN 3 x l O~~ x l O~~ x
• ~ ef. Tab le 11) 

____________ __________ __________ ___________

DAMPING/STIFFNESS 1.346534 3.636823 4.79492RATIO FOR hs (SEC) .4 5 5STRUCTURAL LAYERS X 10 x 10 x 10

DAMPING/ST I FFNESS
RATIO FOR h 1 (sEC)
INTERLAYERS
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TABLE 42. SPECIMEN 6 ANALYSIS PPOPEPTIES ~ND TEST /ANAL YSIS
CO RRELAT I ONS

SYMBOL SPECIMEN NO. 6
ITEM DESCRI PTION UNITS ’ LAMINATE : POLYCARBONATE AND CIP

TEMPERATURE T,°F -35 75 195

STRUCTURE 
E5, LB/IN2 3.66 x l0~ 3.41 x 10~ 3.25 x l0~

POISSON ’S RATIO , V S 38 38 38
• STRUCTURE 

_______________ ____________ __________ __________

• SHEAR MODULUS , G1, LB/ IN 2 60.0 50 0 45.0INT E RLA YER 
_______________ ____________ __________ __________

POISSON ’S RATIO , v .50 .50 .50
INTERLAYER I

DENSITY LB—SEC2
STRUCTURE P

S’ - 

IN4 
.11138 X iQ~~ 11138 xl0

3 .11l38x1Q-~
DENSITY P B SEC2
IN TERLA YER I, -

~~~~~~~~~~

— .95855 x 10 .95855 xlO .95855 x10 4

TH I CKNESS , .246 .246 .246
STRUCTURE ~~ IN .248 .248 .248

• THIC KNESS , t1, IN 120 120 T20INT ERLAYER 
______________ ____________ __________ __________

SPRING CONSTANT k~ , LB/IN C

FREQUENCY , HZ 13.6 12.8 12.4COMPUTE D 
______________ ____________ __________ __________

FREQUENCY , f , HZ 1 3.9 12.6 12.2TEST T

- 
~
T)/

~~T 
x 100 

____________  
-2.1 1.6 1.6

DE FLECTION ,
IMPOSED 6

~ , IN .495 .505 .560

1128 1125 1234

ST RAIN , CI 1138 1130 1284

( CC - cT)/~T X 100 -.9 -.4 -3.9
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TABLE 43. DAMPING RATIOS h r FOR CIP INTERLAYER , SPECI MEN 6

ITEM SYMBOL , SPECIMEN NO. 6
DESCRIPTION UNITS LAMINATE : POLYCARBONATE AND

___________ 

CIP 
____________

TEMPERATURE T , (°F) -35 75 195

CRITICAL DAMP W4G
• - RATIO FROM TEST 1TEST .04095 .02752 .01895

(REF) 
______________ __________ ___________ ____________

TRANSFORMED — LB-SEC2 .349100 .34872 .348408
• MASS MATRIX M 

~ IN x 1O~~ x io~ x

• TRANSFORMED
STIFFNESS MATRIX LB 1.59181 1.39875 1.29326
FOR STRUCT. LAYERS

- • 
• 

- TRANSFORMED LB 
—

STIFFNESS MATRIX I ‘ — .942892 .863208 .81 3823

FOR I NTERLAYER iN

TRANSFORMED
STIFFNESS MATRIX , !~~~ . 2.53470 2.26196 2.10709

K = ~~5 +~~1 
IN

TRANSFORMED — 2
UNIT AIR DAMPING CA1 , IN 10.5143 10.5029 10.4936
MATRIX

TOTAL DAMPING — LB-SEC 
— 

2.43625 1.54582 1.026889
C = 2 1TEST ~ IN x l O~~ x iO~~ x i0~~

AIR DAMPING LB-SEC .37882 .37882 .37882
PER UNIT AREA IC

A , IN 3 x l0~~ x 1O~~ x io~(Ref. Table 11) 
_____________ __________ __________ ____________

DAMPING/STIFFNESS (Ref. Table 4) 1.346534 3.636823 4.79492
RATIO FOR h5 (sEC) -4 ‘0~ lO~STRUCTURAL LAYERS X 10 x x

DAMPING /STIFFNESS 1.93405 1.27093 6.97154
RATIO FOR h1 ( SEC) 3 3
INTERLAYERS x 10 x 10 x 10
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TABLE 44. SPECIMEN 7A ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS

- 
- 

SYMBOL SPECIMEN NO. 7A
• ITEM DESCRI PTION UNITS ’ 

POLYCARBONAT E (Mfd. by PPG m d.)

TEMPERATURE T, °F -35 75 ~g5

YOUNG ’S MODULUS , E , LB/IN2 3.66 x iO~ 3.41 x lO~ 3.25 x l0~STRUCTURE 
_______________

POISSON ’S RATIO , V s .38 .38 .38STRUCTURE 
_______________ __________

SHEAR MODULUS , G1, LB/1N2
INTERLAYER 

______________ ____________ __________ __________

POISSON ’S RATIO , 
V --—INTERLAYER I

STRUCTURE ~~ 
LB—SEC2 .11138 x l0~~.ll138 x1O 11138 x10 3

- 
• DENSITY , P LB-SEC2 ---INTERLAYER I, IN4 

___________ _________ _________

THICKNESS , 
t IN 621 621 .621STRUCTURE S’ 

___________ _________ _________

THICKNESS , t~, ININTERLAYER 
________________ _____________ ___________ ___________

SPRING CONSTANT , LB/IN
FREQUENCY , HZ 19.1 18.5 18.0COMPUTED 

______________ ____________ __________ __________

FREQUENCY , f1, HZ 18.3 17.4 16.4TEST 
______________ ___________ __________ __________

• ~ 
— 

~
T)/

~ T 
x 100 4.4 6.3 9.7

DEFLE CTION , 61, IN .591 .576 .579

STRAIN , 
£ 171 3 1670 1678COMPUTED C

STRAIN , 

— 

£1, 1608 1429 1 407

( C c - £1)/C1 
x 6.5 16.8 19.2
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• TABLE 45. DAMPING RATIOS h5 FOR POLYCARBONAT E , SPECI MEN 7A

ITEM SYMBOL , SPECIMEN NO. 7A
DESCRIPTION UNITS POLYCARBONATE (Mfd. by PPG Ind.)

TEMPERATURE T,°F -35 75 195

CRITICAL DAMPING
RATIO FROM TEST ~TEST 

.01254 .00812 .00792
(REF) 

______________ ___________ ___________ ____________

TRANSFORMED — L B-S E C2 .312193 .312189 .312186
MASS MATRIX M 

~ IN x io 3 x i0~~ x lO~~

TRANS FORMED
STIFFNESS MATRIX LB 4.51 007 4.20219 4.00513
FOR STRUCT . LAYERS

• TRANSFORMED LB
- . STIFFNESS MATRIX I ‘ —

FOR INTERLAYER IN

TRANSFORMED BSTIFFNESS MATRIX K , L. 4.51007 4.20219 4.0051 3
K K s + K i 

IN

TRANSFORMED 2
UNIT AIR DAMPING ‘

~A1 , IN 9.04459 9.0446 9.04437
• MATRIX

TOTAL DAMPING — LB—SEC 9.41089 5.88210 5.60106

C = 2 ,,/ M K 
~~TEST ~ ‘ IN x lO~~ x i0 4 

- 

x i0 4

AIR DAMPING LB-SEC .37882 .37882 .37882
PER UNIT AREA C A~ IN3 X l0~~ x i0~~ x i0~~- .

. (Ref. Table 11) 
_____________ __________ __________ ___________

DAMPING/STIFFNESS 1.326946 5.84415 5.430215RATIO FOR hs (SEC) .4 5 -5
STRUCTURAL LAYERS x 10 x 10 x 10

DAMPING/STIFFNESS
RATIO FOR h1 (SEC )
INTERLAYERS 
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TABLE 46. SPECIMEN 5 ANALYSIS PROPERTIES AND TEST/ANALYSIS
CORRELATIONS

• SYMBO L SPECIMEN NO. 5
• ITEM DESCRIPTION UNITS ’ LAMINATE : POLYCARBONATE

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

& PPG 112 
_ _ _ _ _

- - 
TEMPERATURE T,°F -35 75 195

STRUcTURE 
Es, LB/ IN2 3.66 x iü~ 3.41 x 1O~ 3.25 x iO~

POISSON ’S RATIO , V 38 38 38STRUCTURE S .

SHEAR MODULUS , G1, LB/1N2 670 500 100INTERLAYER 
_______________ _____________

POISSON ’S RATIO , 
V 50 50 50INTERLAYER I

E ~s’ 
LB—SEC2 11 138 x 1O 3.1 1138 x lO 3 .ll138xlO~

INTERLAYER 
P1, ~B—SE~! .10363 x•1O 3 .1O~63 xlO .10363xl0 3

THICKNESS , .250 .250 .250
STRUCTURE ~~ IN .254 .254 .254
ThICKNESS, t1, IN 121 121 121INTERLAYER .

SPRING CONSTANT , LB/IN p 
— —

FREQUENCY , HZ 18.2 17.3 14.3

FREQUENCY , 
~T’ 

HZ 18.2 17.0 15.0TEST 
_______________ ____________ __________ __________

— 

~T
)/
~T 

X 100 0 1.7 —4.7

DEFLECTION , 
6 .510 .510 .51 5IMPOSED I’ IN

STRAIN 
~INCOMPUTED C C, IN. 1501 1495 1 335

STRAIN , 
6
i 

~~IN. 1720 1607 1451

( CC - £ 1)/C1 X 100 -12.7 -7.0 -8.0
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TABLE 47. DAMPING RATIOS FOR PPG 112 INTERLAYEP , SPECIMEN 5

ITEM SYMBOL , SPECIMEN NO. 5
DESCRIPTION UNITS LAMI NATE : POLYCARBONATE AND

_ _ _ _ _ _ _  

PPG 11 2

TEMPERATURE P , (°F) -35 75 195

CRITICAL DAMPING
• 

• RATIO FROM TEST ~TEST 
.01165 .01356 .01190

(REF) 
______________ ___________ ___________ ____________

TRANSFORME D — LB—~EC2 .326872 .330066 .356996• 
• MASS MATRIX M , 

IN 
- 

x 1O~~ x lO~~ x

TRANSFORMED
STIFFNESS MATRIX LB 3.81321 3.42027 2.00156
FOR STRUGT . LAYERS

TRANSFORMED LB
STI FFNESS MAT RIX 1 -‘ — .453099 .491869 .889598

FOR INTERLAYER 
- 

IN

TRANSFORMED
STIFFNESS MATRIX j

~, !! 4.26631 3.91213 2.89116
K = R s +R

~i 
IN

TRANSFORMED CA1 , IN
2 9.53674 9.62978 10.4150

MATRIX

TOTAL DAMPING 
— LB-SEC 8.701036 9.745334 7.646183

C = 2 M K 
~TEST 

C , IN x io~~ x x

AIR DAMPING LB—SEC .37882 .37882 .37882
PER UNIT AREA CA’ IN3 x i0~~ x i~—

~ x
(Reference Table 11 ) 

_____________ __________ __________ ___________

DAMPING/STIFFN ESS 1.326946 5.84415 5.430215
RATIO FOR h5 (SEC ) 4 5 5STRUCTURAL LA YERS (7,q) X 10- X 10- x 10

DAMPING /STIFFNESS 6.27 8.3326 2.9383
RATIO FOR h i ( SEC) 4
INTERLA YERS x 10- x 10- x 10
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TABLE 48. SPECIMEN 10 ANALYSIS PROPERT IES AND TEST /ANALYSIS
CORRELATIONS

SYMBOL , SPECIMEN NO. 10
4 ITEM DESCRIPTION UNITS ACRYLIC

TEMPERATURE 1’, °F -35 75 200

YOUNG ’S MODULUS , E , LB/IN 2 5 5 5STRUCTURE S 8.0 x 10 4.9 x 10 1.9 x 10

POISSON ’S RATIO ,
STRUCTURE S .35 

- 

.35 .35

SHEAR MODULUS , G1, LB/IN2 1 81 i05INTERLAYER . X

POISSON ’S RATIO , 
—

INTERLAYER I

STRUCTURE ~~ 
LB—SEC 2 .1114 x l0~~ .1114 x ia~ .l114xl0 3

DENSITY , P LB—SEC 2

INTERLAYER ~ IN4 
__________  _________  _________

THICKNESS ,
• STRUCTURE t~, IN .679 .67 .679

ThICKNESS , t1, IN
INTERLAYER - -- - -- - --

- u

SPRING CONSTANT kA , LB/IN —

FREQUENCY , f~, HZ 30.5 23.9 14.9

FREQUE N CY , 
~T’ 

HZ 28.8 25.2 19.1

— 

~
T)/

~T 
X 100 5.9 -5.1 -22

DEFLECTION,
IMPOSED 6j, IN .460 .507 .305

STRAIN , U IN
COMPUTED CC S IN. 1481 1633 983 

—
STRA IN , • ‘

~INTEST 
— 

£1, I~1 
1470 1470 845

( C C - C
T)/CT 

x 100 .7 +11.0 +16.3

8~l .AvM~~ E copY 
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TABLE 49. DAMPING RATIOS h
~ FOR ACRYLIC , SPECIME N 10

- 

- 

ITEM SYMBOL , SPECIMEN NO. 10
DESCRIPTION UNITS ACRYLIC

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_______________________ __________________ __________________ ____________________

TEMPERATURE 1’ 
, (°F) -35 75 200

CRITICAL DAMPING
RATIO FROM TEST ~

‘TEST .01467 .03886 .04930

- 

• (REF) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

TRANSFORMED — LB-SEC2 .341578 .341516 .341456
MASS MATRIX M 

~ IN 
— x iO~~ x l0~~ x

• TRANSFORMED
• STIFFNESS MATRIX LB 12.5531 7.69297 2.98456

FOR STRU~T. LAYERS

- 

- TRANSFORMED LB
STIFFNESS MATRIX I ‘ —

FOR INTERLAYER IN

TRANSFORMED
STIFFNESS MATRIX , ~~~~~. 12.5531 7.69297 2.98456

K~~~ 5 +R 1 IN

TRANSFORMED — 2UNIT AIR DAMPING C
A1 
, IN 9.0481 4 9.04651 9.04494

MATRIX

TOTAL DAMPING — LB—SEC 1.921235 3.983688 3.147635

C = 2 M K 
~TEST 

C IN x l O~~ x io~ x io~

AIR DAMPING LB—SEC .37882 .37882 .37882
PER UNIT AREA CA i 

N3 l 0~~ x lO~~ x i0~~(Ref. Table 11) I X

DAMPING/STIFFNESS 1.25744 4.73288 9.398352
RATIO FOR hs (SEC) .4 -4
STRUCTURAL LAYERS X 10 x 10 x

DAMPING /STIFFNESS
RATIO FOR h 1 (SEc) --— --- ---
INTEPLAYERS
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• Note:

denotes Slerracin product.

denotes PPG Industries product.
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-40 0 50 100 150 200 -•

Temperature, °F

FigurP 89. Damping to stiffness ratio (h) versus temperature
for structural and In terlayer components.
(SpecImens 5, 6, 7A , 7B , and 10)
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CORRELATION OF TEST/ANALYSIS FOR DAMPING BEAM STRAIN RESPONSE

A primary reason for needing the parameters h5 and h1, is to alioti

a realistic analytical calculation of the response of a laminated wind-

shield to a dynamic impulse. Figure 90 shows a comparison of the

response of Specimen 6 subjected to Test Condition 5, as measured and
• calculated by the Bird Impact i~1ath Model compu ter p rogram , employing the

damping constants h5 and h1.

A basic linear analysis capability was used in this analysis. Program

modules developed for this level of capability includes a rec tangular
cel l  element genera tor , core resi dent complex eigenvalue/eigenvecto r

• solutions , complex exponentiation , and improved large-order matrix operators

for multiplica tion , solu tion of l inear s imul taneous equa ti ons , and real
eigenva l ue/eigenvector solutions associated with the calculations of
natural modes and frequencies (Reference 1).

CORRELATION OF TEST/ANALYSIS FOR STATIC/DYNAMIC BEAM STRAIN RESPONSE

This subsection presents the test/analysis correlation of the strain
response from a 36—inch beam test (Specimen 2, Condition 15) at room
temperature. The beam was pin—ended and simply supported. Al umi num
bushing inserts and clamp ing edge attachments kept the inner plies from
slipping. Figure 91 shows the test/analysis correlations of the beam
static deflection and strains for the bean centerline.

The theoretical maximum strain equation shown in Fi gure 91 was derived

from the simple beam theory. That is , from the beam cen terl i ne def lec ti on
• Equation (9)

6 = 23Pa3
• .- 24E1 ~ (60)

Solv ing this equation in terms of moments gives

24 El ( 61)}t~~2~ i2 6 ’
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• - _  _ _ _

L d  yin
S O~

_ _ _ _ _ _  

strain.~ a~~s

a~~~~_
Test Analysts Deflection , 6

Load (lb.) 1365 1365• r Defl.(ln.) 2.75 2.80

(a) Static deflection SPECIMEN 2, COND. 15
— SR/SS-PIV

• 
f 

@ ROOM TEMPERATURE

~max = 16,315 u in/in.

_______________ - — B—i TYPE WINDSHIELD LAMINATES
.105 GLASS~

0 
~

- TEST
°“. 

~ ° ANALYSIS

c SIMPLE-BEAM THEORY, WHERE Cmax =

.87 PC “
~~ 

4.— w s a  
nio t c i

I r ~max ~~ ‘ or
C Il C~~~~ = 16,315 ~ j f l/~fl.

~~ ~~ _ _ _ _ _  _ _ _ _

-15K -10K -5K 0 5K 10K 15K
STRAIN C, p in/in.

(b) Strain correlations

Fiaure 91. (a) Static deflection and (b) strain correlations
for 36-inch beam model .
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and substituting for ti in the follow1~g stra in equat ion

£~1C

~max — 
~~~~~~ 

gives

Cmax = = 16,315 ~ in./in., (62)

• where

P = b a a, lb.
- . a = one—third beam length , in. (11.57 in.)

E = modulus of elas tici ty, psi
F I = moment of inerti a, in.4

I~I 
= moment, in.-l b.

c = distance from neutral axis to outer fiber (0.7475 in.)

6 = forced deflection at beam centerline (2.80 in.)

The large error in the strain magnitudes given by simple beam theory ,
- apparent in Fi gure 91 (b) , is primarily due to the theory ’s inability to

• account for interlayer elasticity .

F:
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SECTION V III
CONCLUSIONS AND RECOMMENDATIONS

The conclusions derived from the three major types of testing are
provided in the following subsections.

DA IPING BEAM TESTING

1. Cantilevered beam tests provided an effective means of obtaining
• damping parameters (Tables 11 and 14, and Figure 30). These

tests also provided a data base for correlation with analytical
results (Figure 90), for both static and dynamic conditions.
It was observed during testing that the local stiffening effect
of gages mounted on low-modulus polycarbonate material does not

appear to be a problem .

2. The Damping-To—Stiffness Ratio , (h) provides an effective means
for compari son of transparent windshield materials at various
temperatures (Figure 89).

3. Damping ratios are dependent upon the relative magnitude of

oscillatory displacements (Figures 28, 71 and 72). (Theoretically,

l ike-material damping ratios are independent of material size
or shape.)

4. Higher damping ratios , such as 0.039 for an acrylic seam , causes
early decay of Learn oscillatory motion , while lower damping ratios ,

such as 0.003 for an aluminum beam , allows a beam to vibrate —

relat ively longer (Ta ble 13 and Figure 29).

5. The percentage deviation of the recorded testing strains versus
theoretical strains for the monol i thic beam Specimen 7A , was 1341
versus 1429 ~ ln./in. respectively, wh ich is a 6.16~ devia tion ,
that was considered to be reasonable.

243 

---~~-• • - •-- • •-- •—- ~~~ - -  ~~-- --- -



-•-—-—.-•-••.,--— ,—.——,—~ ---••-.•-•.---—-—- •-•—•——--‘— — ——— • ••-•-•———,— ——•---,--•..——— —- -.-•- • -- ••—•,—-— —- -— • —•~~-- -•••. —.••——-• •— •—• — •- .••—•——— •••—•— —-— — —- — .——.——- —-- —

STATIC/DYNAMIC BEAM TESTING

For detailed descriptions of end conditions and test condition details —

refer to Tables 4 and 5 as well as Figure 5.

1. The simply supported l aminated beams represented by Figure 31a ,
with bolts and bushings , present hi gher beam stiffness than those
with the fixed-end conditions represented by Figure 3lc. This

- 
• can be deduced by comparing the slopes of the strain diagrams of

Figure 37. Attachments (bolts and/or bushings) prevent structural
ply slippage at the ends of the simply supported beam , thus pro-
viding a type of inner fixity (Figures 38 and 43). This was
observed as being pronounced on Specimen 2 to a greater degree
than that for Specimen 4. The fixed end beam condition has
negl igible piy slippage occurring in the attachment areas.

2. The specimens tested all have an approximately linear relation-

- 
- ship with respect to appl ied loads , structural—ply strains , and

centerline defl ections , as indicated in Figure 44. Specifically,

after deformation of the beam occurs , plane sections of individual

plies rema in p lane , as shown in Figures 46 and 58.

3. Beam Specimen 2, with the CIP silicone interl ayers , allowed the
structural plies to behave more independently than beam Speci-

men 4, with PPG—112 interl ayers. Specimen 4 behaved relatively

more li ke a monol ithic beam (F igures 43 and 48) ; that i s , the
slopes of the multi-strain diagrams at a station location are

approximately in line.

• •• 4. For the fixed—end beam configuration , the single-row attached

beam had approximately 84 percent fixity and the double-row

attached beam had approximately 96 percent fixity with respect

to a theoretical fixed end beam (Figure 37).
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5. The beam stiffness for single-row attachments installed in
oversized bushings allowing loose holes that were sealant filled ,

• -~ (Specimen 2) Condition 65, was reduced by 38 percent in respect
- to the double—row attached beam, Condition 29S (Figures 51 and

69). This reduction in stiffness may be a desirable attribute
in the area of the windshield attachments when bird impact shock

- waves travel from the windshiel d into the surrounding structure.

6. For Beam Specimen 2, with single-row attachments installed in

I oversized bushin gs allowing loose hol es that were f i lled with
- sealant, the high temperature test at- 272°F indicated a reduction

• - f  of the beam spring stiffness by 18 percent w i th respec t to
the room temperature test condition (Figure 54). The majority of
this beam stiffness reduction may be attributed to the softening
of the sealant. A post Inspection however, of the sealant formed

- bushings showed no apparent permanent set.

7. For single-row attached Beam Specimen 2, installed in tight
fitting al uminum bushings , the high temperature condition had
l ittle effect on its spring stiffness (beam total load divided
by the beam center deflection). Although , an increase of stra in
at the attachment area of 26 percent was observed . This was
probably caused by the softening of the polycarbonate material

- 

(Figures 57 and 69).

8. Similar conclusions can be drawn from the multi—layer beam

- • Spec imen 4 , with res pect to those for Spec imen 2, for s imi lar
test conditions. The beam stiffness for both a thick core ply
heam, Specimen 2, and a multi-layered beam , Spec imen 4 , were
approximately the same (500 pounds per inch). These beams and

restraints had (SR/S,S—PIV) single—row attachments installed in

tight fitting aluminum bushings with both ends free to
pivot in simple supports.
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9. Using the stiffest thick core ply beam condition 29S (DR/FB) as
the base (see Fi gure 69), comparatively, beam cond iti on 107A
(/SS) shows a 70% decrease in stiffness. Condition 1 O7A for
Specimen 2 was simply supported , wi th no bushings or bolts.
Using Condition lO7A as a new Base 2, compara tively, if the outer
face plies and interlayers were removed , it appears that the
beam stiffness would be decreased by approximatel y 54%.

10. Under the beam bendin ’ Condition b O7A , the interl ayer max imum
shear strain occurs at the edge of the beam , decreas ing

F approximately linearly to zero strain at the beai~i center
(Figure 39).

11. These tests provided a data base for correlation with results
through analysis. Figure 91 shows that the correlation was well
within 10% of the accuracy requirement.

IMPACT BEAM TESTI NG

1. This type of test was effective in providing the highest practical

stra in rate i n the beam spec imens under laboratory tes t conditi ons.
The strain rate achieved was approximatel y 10 in./in./sec in the
area of failure (Figure 77). This value compares favorably with
the maximum strain rate levels of 50 to 150 in./in./sec expected
in transparencies subjected to high speed bird impact. The amount
of variation in material properties caused by strain rate changes

is reported in Reference 13.

2. The failures of the strain-gage system appeared to closel y follow
the structura l ply failures . This was expected (Figures 77, 3~)

and 33) and preferred over early failure of strain gages.

3. The methocis used for instrumenting the beams for this series of
tests proved to he viable and not to appreciably effect the
d~’nami c response of the bean .
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4. The Impact strain distri bution through the structural plies , at
a spec i fic time, appeared to be uniform much like the static load
test results (Figure 84). The maximum recorded strain for the
three impact test beams occurred at the beam ’s center lower surface

• of Specimen 1.

5. Post-test observations showed the failures to be of a brittle-

fractured type (Figures 85 and 86), sim i lar to fa i lures occurr ing
in bird struck windshields.

6. The high stresses developed in the polycarbonate material near

the attachment area of Specimen 2 could not be evaluated due to

inoperative stra in gages; although , fractures in this area did
occur (Figure 86) in the left end of the thick core ply.

7. The post yield gages installed on Specimen 1 were 1/8-inch in
length, which strain l imits were rated at approximately 20 percent

- -: (200,000 1 in./in.);but,the maximum recorded strain was 33,061 p~
-
. 

-
- in./in.,, which was wel l wi thin the gage l imitation . The larger

internally mounted gages were 1/4-inch in length and also had the
200,000 ~i in./in. strain limi t capability . This indicated that
reliable impact strain readings could be obtained through proper

strain gage installations.

8. The edge restraint of a single row of attachments with oversize

alum inum bushings and soft snug—fitting inner bushings appears

to be an acceptable method of attaching aircraft windshields.

RECOMMENDATIONS

The recornendations derived from the three major types of testing

are provided in the following subsections.

Dampina Beam

Damping ratio statistical criteria for candidate transparent materials

are required for the initial desi gn stages of canopy or windshield designs.
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These criteria are not included in IIIL-HDBK-l7. There is a need for an
inexpensive and an accurate method for determining design damping ratios.

Other engineering test methods were investigated ; and it was determined
that the l free_freeu vibration beam method , where the beam would be supported
at its two vibratory node points by a simple string and rubber band

F suspension system, would meet these requirements. This method eliminates
possible errors that may develop from the support base of the cantilevered
vibrating beam method. •

The “free-free” vibratory beam initial amplitude should be in the order
one to two inches , to represent bird impacted transparency initial dis-

placement. Damping ratio curves should then be developed and published - :

for in itial displacements of two inches , one inch , and “bop test” ampl i tudes.

(“Bo p test” is exciting the beam ’s vi bratory mode by rapping the beam
with a hamer or mallet.)

Most likely, a minimum of f ive spec imens per test condi tion,in com-
pifance with HIL-HOBK-5 statistical analysis methods for normal (or
gaussian ) distribution,wou ld be required. However , if the distribution
form i s not normal, the number of test specimens required would be greatly
increased. -

In addition , it is recommended that an analytical differential-
equation method for the determination of material damping ratios be
pursued. This would encompass and extend the method used in Reference 11.

This analytical differential-equation method should be less expensive to

accomplish than a ful l scale math model computer program.

Stat ic and Impact Beam

~1IL_HA~1DBO0K~l7 does not publi sh the modulus of rupture bending
stress (Fb) for polycarbonate material . The present available polycar-

bonate material properties are based upon tensile and compression tests.
These types of tests, result in uniform stressess across the specimen
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test section. It Is bel ieved that the main failure mode In polycarhonate
material occurs In high strain rate bending modes. It appears that poly-
carbonate In the bending mode Is very sensitive to surface stress, and
that these allowables are considerably reduced due to degradations caused
by surface- coatings, various surface defects , surface pol i shing , anc~/or
thermal treatment.

Some Charpy and Izod impact test data are availabl e but these data
are used for energy comparison relationship between one specimen to
another.

It is recommended that a series of beam bending tests be conducted in
sufff icient number , and variations in thickness (8 inches wide x 36 inches
long) in order that statistical analyses can be performed. These should

be conducted for both static and high strain rate (50 to 200 in./in./sec )
conditions at various temperatures, and in the pure bending test condition
(no axial loads).

- 

• 
The recomended data to be collected would be: A continuous record of

the applied test load , the test temperature , and the resulting strain.

Bending moments should be developed from the various appl ied loads. These
data should be graphically presented with the ordinate axis as the bending
stress 

~~~ 
calculated from the “Md l” equation , and the abscissa axis as

the resulting bending strain (L b). The modulus of bending rupture stress
at failure should also be developed . It is also recomended that a continuous
record of the beam ’s instantaneous bend radii be documented. The bend
radii (R) would provide a means of counter-checking the strain gage readings ,
where L

b 
= c/R, where c is the distance from the neutral axis to the upper

or lower surface.

This data, in turn , would assist In determining when the windshield/

canopy failure should occur as a result of normal structural loads or

bird impact conditions.
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APPENDIX A
LIST OF APPLICABLE DRAWINGS

-
~~~~ Douglas

Drawing Numbers Title

Z7942620 (TAD) Instrumented Transparency Beam Test
- - . Z5942626 Transparent Beam - Instrumented

Z5942627 Support - Transparency Beam Test
I Z5942628 Transparent Beam Assy - Instrumented

Z5942629 Transparent Beam - Damping Test
• Z5942630 Instrumentation - Transparency Beam Test

Z594263I Set Up - Transparency Beam Test

256

0~~~~~~~~~~~ • - • ---



- - - 

.-~ - - --- - —

&

-i

~
- APPENDIX B

DATA COLLECTION FORMAT 

___ A



• 

-

‘ 
DATA COLLECTION

Test form shall be simple and complete with a summary , witnessed and
approved by the cognizant engineers. These data sheets shall be rnaintanined
and may be supplied to the USAF (AFFOL/FEW).

Data Section shall be as follows:

A. Damping Test Data

B. Instrumented Beam Test Data

C. Drop-Weight Test Data
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DATA COLLECTION FORM

Test No. 
_____________________ 

Date

Condition No._______________ Drawing No.___________________

Specimen No. 
________________ 

Vendor

Temperature

Deflection @ Center
________  

Drop Wei ght Distance
_______________

Initia l Final
Dial Indicator @ Positions

Load Reading 
—

• Frequency 
— 

HZ

Strain Gage Readings

(micro 4 nch /inch)

Thermocouple Reading Gradient

( ~~F)

Test Remarks and Resu lts :

Test Witnessed by: Test Conducted by:
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DAMPING RATIO BY ALTERNATE METHOD

261



Pr -

~~~~~~~~~~

-I

DAMPING RATIO BY ALTERNATE METHOD
I-

An alternate method for determining the approximate damping ratio,
y, of a single degree of freedom system with viscous damping , subjected
to free vibration , Is presented in Reference 4.

The logarithmic decrement (6,,), Equation (1-46) of Reference 4 , Is

6 = 
2ry

L y 1  ~2 ’

and = 

~
—

~
- in 

~~
— , from Equation (1-48) of Reference 4.

Solving for y from Equation (1-46) of Reference 4 gives

¼ 6L— 

2 2~~ i ,
1f& L << l . (C.l)

~
‘(2w) 

~~
6L 

‘~

Substituting for 6L from Equation (1-48) of Reference 4 into Equation
(C.l) gives

• I 
________ 1 

x 1 (C.2)
Y — ~~~ I _ •fl •~~ —

~.1i ~ii 
~~

where n = the ~th cycle
(n-l) = total number of ful l cycles

x = first good peak ampl itude value
= peak amplitude value at the n cycle

ln natural log
= damping ratio

Using polycarbonate damping Specimen 12 , Condi tion 97 (room temperature),

as an example,
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I,

S

where

(n—l) 25 ful l cycles
a 1.26 dIvisions (strain amplitude )
a 0.50 division s (strain amplitude)

then from eq (C.2)

1 1 1.26Y R  — In
or 2-n (25)

Y a 0.005884

which Is the average damping ratio for this specimen condition.

Table C.l and Table C.2 allow compari son between data and results
• for the two method s indicate d.

TABLE C.l. DATA USED IN EQUATION (C.2) FOR THE DETERMINATION OF THE
DAMPING RATIO FOR SPECIMEN 12, CONDITION 97.

Temperature 35°F RT 135°F
Initial
Deflecti on (inch) 1 1 1

(n—i) 22 25 14

X i 1.20 1.26 1.01
0.26 0.50 0.43
.011064 .005884 .009708
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•
1

• TABLE C.2 DATA USED IN EQUATIOff 26 (of Section IV) FOR THE
- 

DETERMINATION OF THE DAMPING RAT IO FOR SPECIMEN 12,
CONDITION 97 —

Temperature —35° RI 135°F
Initial
Deflection (inch) 1 1 1

- I 
(q—p) (45—1) (51—1 ) (29—1 )

Xp 1.20 1.26 1.01
— Xq 0.26 0.50 0.43

Y - 
.011063 .005884 .009707

I -
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