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ABSTRACT 

The in situ ply strengths in several composites were cdculated using a c o r n p u b  

tionsl procedure developed for this purpose. Laminate fracture data for appropriate 

low modulus and high modulus fiber composites.were used in the laminate analysis 

in conjunction with the method of least squares. The laminate fracture data were 

obtained from tests on JIodmor-I graphite/epoxy, -4Sgraphite/epoxy. borom’epoxy 

and E-glss/epoxy. The results obtained show that the calculated in situ ply strengths 

can be considerably different from those m dsured in unidirectional composites. 

especially the t rmsverse strengths m d  those in angleplied laminates with transply 

cracks. 
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INTRODUCTION 

It has been suspected for some time now in the fiber composites community 

that uniakial ply strengfh in angleplied laminates (In situ ply strengths) may be 

considerably different from those measured in unidirectional composites under 

uniaxial loading (uniaxial ply strengths). A major reason €or this suspicion is 

that the predicted fracture stresses of ang2eplied laminates, t ased  on uniaxial 

ply strengths, are generally considerably lower than measured data. To obtain 

better agreement between theory and experiment, investigators have either 

arbitrarily increased the transverse and shear strengths by some factor (ref. l), 

modified them in some manner (ref. 2), o r  neglected them completely (refs. 3 

and 4). A procedure, therefore, is needed which can be used to assess the in 

situ ply strengths and compare these with uniaxial values. To meet this need, 

an investigation was conducted at  NASA Lewis Research Center with the objective 

of obtaining an initial assessment of in situ ply strengths. 

The investigation included both experimental and theoretical aspects with 

emphasis on developing a formal procedure to determine the in situ ply strengths 

indirectly. The experimental program consisted of testing quasi- isotropic 

angleplied laminates from Modmor-I/epoxy, at various load angles. The laminate 

configurations were: (O/i60),, (0/i45/90)s, (0/i30/*60/90)s and (0/&22.5/ 

45/*67.5/90)s. Each of these laminates was tested at load angles of Oo, 15O,  

30°, 45'. 60°, 75O.and SOo to the 0'-ply direction. The major portion of this 

work was reported in reference 2. The theoretical part is described in detail 

herein. The analytfcal effort consisted of using laminate analysis in conjunc- 

tlon with the method of least squares to determine the in situ ply strengths using 

fracture stress data from the above quasi-isotropic composites and data available 

in the literature for ASgraphite/epoxy, borodepoxy and E- glass/epoxy. 

THEORETICAL APPROACH AND GOVERNING EQUATIONS 

The approach used to calculate the in situ ply strengths is as foilows. It is 

assumed that the ply combined-stress strength criterion 1s given by the following 

complete quadratic function of the in-plane stresses.  
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where the ul's denote ply s t resses  at that load condition, the A's denote unidal  

strength coefficients which are initially unknown and are  to be determined as will 

be described later. The subscripts refer to material axes with 1 taken along the 

fiber direction. It is Important to note that equation (1) is not biased. All  its 

terms appear with equal weight. Note also that equation (1) permits for coupling 

(interaction} between the normal stresses Q~~~ and op22 and the intralaminar 

shear stress uf12. Equation (1) has been referred to in the literature as  the 

strength tensor (ref. 5). 

The A's in equation (1) a r e  determined using the following method of least 

squares matrix equation (ref. 6) .  

where the up's in equation (2) a re  the piy stresses at laminate fracture and a r e  

computed using laminate theory, and where rn is greater than 9 and denotes the 

number of identical plies for which distinct ply s t resses  have been computed. 

By making the following substitutions 

equation (2) can be written thus 

where the dimensions have been dropped for convenience. 

The A's are  determined from equation (5) as follows: 
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where [ x1-l may be determiaed using any of t3e standard matrix inverters such 

as Gauss elimination for  example. Once the A's ate known, the ply uniaxial 

fracture stresses (in situ ply strengths) are determiaed by solping equation (1) 

for the various special cases (determine its roots), that is by assuming that the 

ply is subjected to one stress only. For the case where otll = Snu and ut22 = 

= 0, equation (1) reduces to =i12 

from which the well known quadratic formula yields: 

1 

- and similarly for the other two in situ - ply strengths 

COMPOSITE SYSTEJIS EXAXXED 

The composite systems examined were: E-gladepoxy (E-G/Epon 826 o r  

E W E  (ref. 7)), hi@-modulus graphite/epoxy (Modmor-I/ERLA 461'7 or MOIL 

I/E (ref. 2)), borodepoxy (borodepoxy AVCO 5505/4 or B/E (ref. B)), and low- 

modulus graphitdepoxy (Aq3501 or AWE (refs. 3 and 9)). The unidirectional 

composite (ply) properties of these composite systems a r e  summarized in table I. 

The reasons for selecting these composite systems are  as follows (refer to 

table I): 

1. The E-G/E was selected for its low longitudinal modulus (Epll  44.1 GPa 

(6.4 Msi)),  its relatively low transverse tensile strength (Sn llT = 22.7 MPa 

(3.6 ksi)), md its relatively low int ralamhar  shear strength (Sn12s = 10.3 SIPa 

(1.5 h i ) ) .  
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2. The MOD.I/E was selected for its high Ell l  (341 GPa (34.9 hlsi)), its 

relatively low St,9T (28 MPa (4.0 h i \ \ .  and the high thermd exp:ursion coeffi- 

cients difference (AQ -- 4 8 ~ 1 0 - ~  K-' (2iu10-6 F-l)) which tends to produce trmsply 

cracks in angleplied laminates when cmoling down from cure temperature to room 

-- 

temperature. 

3. The B/E was selected for its high EEll (301 GPa (29.9 Msi)), its relatively 

high longitudinal compressive strength (SllIc = 1592 JIFa (331 ksi)) and its rela- 

tively high Srlzs 4 55.8 hIPa (8.1 ksi)). 

4. The A g E  was selected for its intermediate Etl1  (131 CPa (19.1 JIsi)), 

its low transverse modulus (Epac, = S. 6 CPa (1.25 blsi)) ,  .md its relatively high 

StOoT (48 MPs (7.0 ksi)). 
"" 

"- 
5. The extensive amount of laminate fracture stress data available for these 

composite systems (s will be described below),. whiCh is required to perform 

meaningful least squares analysis, was also a consideration. 

The laminate fracture stress data for the A d E .  B/E and E-G/E composite 

systems were obhined from the literature (refs. cited above) while the dsta for 

hIOBL/E were generated in-house and reported in reference 2. The various 

laminate configurations m d  their corresponding loading conditions a re  summarized 

in table 11. Note that in this table, the distinct ply s t ress  states at fracture for 

each laminate .and the totzl ply stress states for the lantntites a re  given in the hst 

two columns. The number of pry s t ress  states for each laminate is obtained by 

multipl-ying the number of different plies in each laminate by the number of loading 

conditions for that lamimte. In the case of E-G/E, there were sever$ replicates 

per test md several tests at combined-loading conditions. In table II only the 

totals a re  shmn.  The interested rc:itier is referred to reference 7 for d l  t!w 

details. As c m  be seen in t:ible 11, a large number of distinct ply s t ress  states is 

nvnilnble to evduntr the lur;irc..wn coefficients (A's) in equation (1). Shcc there 

;ire 9 A's in equation (1). there are about 3 pi)* strt 

positc system :mi about 17 for tht. 110t~L'r. 

states per A for the Bl'E: coni- 
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DETERMINATION OF IN SITU PLY STRENGTHS 

The Lrr situ ply strengths for the four composite systems (AS/E, WE, E-WE, 

and MOD-VE) were determined using the following procedure. 

1. The various ply stress states in table II were calculated using the linear 

laminate malysis available in the Multilayered Filamentary Composite Analysis 

(MFCA) Computer Code (ref. 10). The use of linear theory for calculating the 

ply stresses in these laminates is justified because their stress-strain curves 

to fracture show linear behavior, or very nearly so (refs. 2, 3, 7, and 8 ) .  The 

inruts required in MFCA are: laminate configuration, laminate fracture s t ress ,  

ply elastic properties (Ell1, ElZ2, Gr12 and vB13, table I), ply thermal ex- 

table I), and the temperature difference pansion coefficients (ap 11 and a 

between cure md mom temperatures (about 167 K and (300' F') for epoxy com- 

posites). 

123' 

2. The ply stresses calculated in item (1) above for each composite system 

were used to generate the elements in the [ ut 1 array in equation (3). For 

e.mmple, the first  row in [ ut 1 for the 4 S / E  composite system is the ply s t ress  

at fracture in the 0'-ply when the laminate was loaded to fracture along the fiber 

Note that each row in [ ut 1 will have 1, 3 ,  or (0 -ply) direction, or qllT. 
3 non-zero elements corresponding, respectively, to ply stresses oPl1, 

and cpl0. 
dimensions for the array [ uml are (60x9) for the AS/E composite system (25x9) 

For B/E, (142x9) For EVE and (153x9) for ItIObI/E where the first  dimension 

((m) eq. e)) is the total number of ply s t r e s s s t a t e s  corresponding to the last 

column in table II. 

L) 0 

The other rows in [ ut 1 are generated in a similar manner. The 

3. The array [ up 1 was transformed to generate the elements in the [ XI and 

in the c y )  arrays using equations (3) md (4). 

4. The coefficients A were evaluated fium equation (ti) using Gauss elimin- 

ation. 

5. The desired in situ ply strengths were determined using equations (S), 

(9), and (10) for SpI lT  and SB1lc, StZzT and S g 2 3 c ,  and S;12s, respectively. 
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The computer program flow chart for the above procedure is illustrated 

schematically in figure 1. It is important to keep in mind that the in situ ply 

strengths calculated using this procedure are the best as determined by the 

method of least squares, where ply fracture stresses from uniaxial and angle- 

plied laminates were used with equal weight. Equation (1) can be used to study 

the degree of interaction between the normal stresses and the shear stress. and 

other features once the A’s have been determined. This is discussed in some 

detail in the section General Comments and Recommendations. 

RESTLTS .4ND DISCUSSON 

The relative significance of the coefficients .45 and .46 (eq. 1)) which couple 

the normal ply stresses flll1 and utZ2 with the intralamhar shear ply s t ress  

and Ag, which brings in the linear influence of f lCl2 ,  was assessed by *E 13’ 
solving equation (6) both with and without these coefficients. The results for 

the AS/€ nngleplied laminates a re  summarized in table 111. As can be seen, 

the remaining coefficients a re  unchanged and, therefore. are independent of 

the presence of As, A6. .ud A9. bimilar results were obtained for the cor- 

responding coefficients of the other composite systems. The significant con- 

clusions from these results are: (1) there is no interaction behveen the in 

and ull2; (2) the linear part of ull., does situ ply stresses LT or  J 

not contribute to the in situ ply combined-stress failure criterion; and (3) the 

sLx coefficients (A1, .42, A3, A7, .48 (eq. 11) are  sufficient to describe the in 

situ ply combined-stress failure criterion. In view of this, only these 6 coef- 

ficients were used to determine the in situ ply streiigths for all four composite 

systems. 

P 22 d P 11 

The predicted in situ ply streng’”1s for the four composite systems a re  

summarized in table IV. The corresponding strengths measured from uniaxial 

tests are  also summarized in adjacent columns ,and the ratios of in situ to 

uniaxial :trengths a re  given between columns of table IV for comparison pur- 

poses. Note l i d  the in situ ply transverse strengths for the MOD.L/E are not 

given. The reason for this is  that the lamination transverse residual stresses 
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in these angleplied laminates were of sufficient magnttude to cause transply 

cncks tQ1 8$Sf S2T = 2) as described in the Composite Systems Examined section. 

Therefore, the plies could not resist additional s t ress  in the transverse direction 

and were not permitted to do so in the laminate analysis during the ply fracture 

s t ress  calculations. 

The following a re  observed from the results in table IV. 

(1) The predicted in situ ply longitudinal tensile strength (SiEllT) is within 

10 percent of the uniaxial test value for the AS/E. B/E and E-G/E composite 

systems; however, that for the MOBL'E system is 32-percent greater. 

2. The predicted in situ ply longitudinal compressive strength (SPllC) is 

within about 10-percent of the uniaxial value for the B i E  and E-G/E composite 

systems, 13-percent greater for the AYE system. and 3Spercent smaller for 

the BIO&I/E system. 

3. The predicted in situ ply transverse tensile strength {St9.,T) is considerably -- 
greater than the unizxial test data, s h u t  3 times for AUE. 6 times for B/E and 

7 times for E-G/E. As was mentioned earlier, that for the hIOBI/E system 

was taken to be zero because of the transply crack due to high lamination residual 

stresses. 

4. The predicted in situ ply transverse compressive strength (SP9.,c) is 1S-pert.ent 
-4 

less than the uniaxial test bat3 for .4s/E, 12spercent  higher for the B/E system 

and 13percent  higher for the E-G/E system. That for JIOLTt/F, was taken to 

be zero for the same rtmons as for the transverse tensile strength above. . 
5. The predicted in situ ply intralsminar shear strengths (S5.E13s) a re  the 

same 9s the uniaxial for .4rE/E. 1-percent less for B/E, &times greater for E-GjE.  

and 64 percent less for hIOD-L/E. 

A graphical comparison of predicted off-mis tensile strength. using unimisl 

and in situ strengths in the combined-stress failure criterion described in ref- 

erence 11, is s h o w  in figure 2 for a11 four composite systems. As can be seen 

the difference between the two off- axis strengths is very significant s t  higher 

load angles. 
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Several important conclusioas may be made from the above observations. 

1. The in situ ply longitudinal tensile and compressive strengths SPllT and 

can be taken to be the same as the uniaxial test data for  angleplied laminates sf 11c 
which are free of transply cracks a s  a result of high residual or initial stresses. 

2. The in situ ply transverse tensile strength SmzzT can be s e v e r d  times 

higher than the uniaxial data La angleplied laminates free of transply cracks. It 

follows from this conclusion that calculated laminate strength based on firstrply- 

failupc criteria can be ultra conservative. 

3. The in situ ply transverse compressive strength Sm22c may be either less  

than, greater than or about equal to the uniaxial test data in angleplied laminates 

f ree  of transply cracks. Perhaps uniaxial test methods used to determine this 

strength need re-examination. 

4. The in situ ply shear strength SPlos cm be taken to be the same as the 

uniaxial for  high-modulus composite angleplied laminates which a re  f ree  of trans ply 

cracks. However, for E-G/E it can be several times higher than the uniaxial 

value. 

r. 

5. Advanced composite angleplied laminates with tr:.rc.sply cracks will tend 

to have a significantly larger in situ ply longitudinal tensile strength SpllT than 

measured in uniaxial tensile tests, and considerably lower Snllc and S p p s .  

6. Angleplied laminate designs based on f i rsbply failure and uniaxial ply 

strengths will be conservative if no transply cracks are present; they wil l  also be 

conservative in the presence of transply cracks if the dominant fracture mode is 

controlled by longitudinal tension; however, these laminates will be unconserv+ 

tive if transply cracks are present and the dominant fracture mode is controlled 

by either longitudinal compression, or Lntralamfnar shear, or both. 

7. The measured values of the uniaxial ply strengths SpoeT, S122c and "- 

may be sensitive to the test method used to determine them, and considerable 

care  may be required to determine a correct (reasonable) value for these strengths. 
Sl13S 
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GENERAL COMMENTS AND RECOMMEPU’DATIONS 

The present investigation led to several significmt results and important con- 

clusions concernhg in situ ply strengths. From these, some general comments 

can be made which may help shed some light on fiber composite angleplied laminate 

behavior and at the same time stimulate further discussion and research in this 

3rea. 

The procedure described herein is general enough and c3~1 be used when deter- 

mining in situ ply fatigue life, environmental degradation vld not sensitivity. It 

may also be used to assess the adequacy of present uniaxial strength test data, m 

suming that the in situ ply strengths ar- more representative of composite behavior 

in structural components. 

It is generally agreed in the composites community that trvlsply cracks have 

no effect on fiber-dominant angleplied laminates subjected to monotonic or cyclic 

tensile loads. However. the results obtained herein show that trvlsply cracks 

can cause severe reduction in in situ ply longitudinal compression s t rengh and 

intrslamfnar shear strength. These reductions may be one of the reasons why 3& 

vanced fiber composite angleplied h n i n a t e s  tend to exhibit poor compression 

fatigue resistance (ref. 12) and severe degradation in residual compress::*e strength 

of damaged o r  flawed angleplied laminates (ref. 13). The increase in the in sitct 

ply longitudinal strength \SElIT) observed herein, in the presence of trmsply 

cracks, may contribute to the increase in resjdud tensile strength e.xhibited by 

advanced angleplied laniinates which have been subjected to tensile fatigue {ref. 14). 

Thou@ some aspects of the in s i tu  ply strengths such 3s interaction between 

normal and shear s t resses  were investigated herein, several still remain to be 

examined. Some of these are: the goodness of f i t  of the cornbhed-stress failure 

function, the properties of the solid described by the function (principal Lxes of 

ellipsoid for example). the degree of interaction behveen normal s t resses  wL 11 
and gp,,,,). graphical comparisons of tf.< function obt3inet.i herein Mth those of 

available failure cri teria (similar to fig. .i for example), seusitiv;ty of the results 

obtained usbiz ,vail&le f3iiure criteria and in situ ply strengths as compsred 

“L 



with results obtained using uniaxial strengths,  and comparisons of predicted laminate 

fracture stresses with in situ ply strengths versus measured data. 

The procedure described herein can be used to determine the interaction b e  

tween inplane and outof-plane ply strengths. For this, out-of-plane s t resses  

produced from flex, short beam shear,  and interlaminar s t resses  at f ree  edges 

are needed in conjunction with in plane s t resses  predicted by laminate throg. The 

in situ ply strengths for other composite systems such as Thornel-300 graphite/ 

epoxy, Kevladepoxy, Sglass/epoxy md hybrids should be determined using this 

procedure. Finally the possibility of using this procedure to characterize the 

unidirectional composite should be given serious consideration. 

CONCLUSIONS 

The most significant conclusions of an investigation to obtain an initial assess- 

ment of in situ ply strengths a re  summarized below. 

1. The calculated in situ ply strengths can be considerably different from 

those measured in uniaxial tests, especially those for transverse strength (as 

much as 7 times greater) and intralaminar shear strength (as much as 3 times 

greater). 

2. The calculated in situ ply compressive and intralaminar shear strengths 

can be considerably lower (about 30 and 60 percent, respectively) in angleplied 

laminates with transply cracks; however, the longitudinal tensile strength can be 

higher (about 20 percent). 

3. A computatirlnal procedure consisting of laminate analysis in conjunction 

with the method of least squares can be used to calculate the in situ ply strengths 

and the degree of Interaction between these strengths. This procedure is general 

and should be equally applicable for us& in assessing other in situ ply strength 

properties such as fatigue, creep, relaxation, notch sensitivity and environmental 

degradation. 

4. The uniaxial ply transverse tensile and compressive strengths and intr;i- 

laminar shear strength may be sensitive to the test methods used. The currant 

practice for measuring these strengths using uniaxial tests is not representative 
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of the in situ state. Perhaps a better alternative may be to adopt calculated io situ 

ply strengths as u n k i a l  strengths for use in failure load calculations for composite 

components. 

5. The predicted fracture s t resses  of angleplied laminates, designed using 

uniaxial strengths, will be conservative if they a i ( .  free of transply cracks and 

unconservative if they have transply cracks and arc, subjected to compressive loads. 

6. The in-plane ply normal strength and intralaminar ply shear strength are 

not coup’ed in the Lp situ stat*. 



2. sullfvan, T. L., "Elastic Properties and Fracture Strength aL Quasi-Isotropic 

Graphite/Ep~m Composites,w NASA TM S73592,  1317. 

3. Verttte, R Y. and Labor, J. D., "Sruc tu rd  Criteria for  Advanced Com- 

posites, (AFFDLTEG7G142, Vol. 1). WrightPatterson AFB, Ohio, 197'i. 

4. Chamis, C. C, md sulllvan, T. L., Fmcetdings of the 31st Annual Conference 

of SPI Reinforced PlasticdComposites Institute, 1976, Sectioa 12-C, 

m. 1-18, llS0 NASA TJd Xi-71825, 1976. 

5. Vicario, A. A. and Toland, R. H., Composite Materials, Vol. 7, Structural 

lksign and Analysis,. Part& Chmi~, C. C-,  Ed., 1975, pp. 51-97. 

6, Pfier,  S. si., Numerical Computing and Mathematical Anaiysis, Science 

Research Associates, SR4, Chicago, IL, 1975. 

'7. Earrington, R. A., "Design Information from Analyticai m d  Experimental 

skufies on Filament Wound Structures Subjected to Combined Loading," 

B. F. r%odrich Co., Eualto, CX, 1964. 

8. Anorr., Advanced Composites Design Guide, Vol. fv, Materials, Wright 

Patterson AFB, Ohio, 1973. 

9. Chamis, C. C., Lark, R. F., and Slnclair, J. L. , ''An Integrated Theory for 

Predicting the Hydrothenno-mechanical Response of Advanced Composite 

Structural Components," NASA TM 73812, 1977. Also in an ASTM STP 

publication in print. 

10. Chamis, C. C., "COmputer Code for the Analysis of Yultilayered Fiber 

Composites - Users manual,w NASA TN b7013, 1971. 

11. Chamis, C. C., ''Failure Crfteria for Filamentary Composites," Composite 

Materials: Testing and Design, ASTSf STP 460, American Society for Testing 

andmterials, 1969, pp. 336=351. 



14 

12. Ry&r, J. T. and Walker, E. K., ''Effect of Compression on Fatigue Properties 

of Quasi-Isotropic GraphitdEpoxy Composites, Fatfgue of Filamentary Com- 
posite Materials, ASTM STP 636, K. L. Reifsnider and K.  N. Lauraitis, 

E&., American Society for Testlag and Materials, 1977, pp. 3-26. 

13. D o d N A s A  W-Symposium on "Effect of Impact Damage on the Behavior of 

Composite bltaterials," held at the Bergamo Codereace Center, Dayton, 

Ohio, Sovember2-1, 1977. 

14. DankL, I. Jd. and Liber, T., mLaminatioa Residual Stresses in Fiber Compos- 

ites," IITRED6073-I, ITT Research Institute, 1975, also XASA CR13.2826. 



TABLE I. - TYPICAL PROPEBTlES OF I B E  UNIDIBECMONAL coYpo8TES (PLY) USED IN THIS INVEsITCAllfM 

pi 

El 11 
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O f 1 1  
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'!11T 

%22T 

' 1  128 
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(1 - 

0.216 (0.077) 
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15.8 0.0) 
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(0.005) 
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3.73 (0.54) 

0.30 

-0.56 (-0.31) 
2.3 (0.13) 

1630 (296) 
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66 (9.6) 
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TABLE U. - SLWNARY OF PLY SlWCSS STATES USED IN M E  ANALYSS 

condition 

A,# 0 

A s =  A6 = 0 
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L.mh.tas larded to fracture In 
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1.0 51.8 407 -10.0 1111 -926 

1.0 51.8 407 -10.0 U 0 

1.0 51.8 407 -10.0 0 0 
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X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 

~ X X 

X 

X X 

X X 

X X 

X X I 

Y 

Number of ply 
stress statee 
at fracture 

25 

112 

152 

'Flat sgwdmens subjerted to unipxlal load. 
2 

'Flat specimms sublected to uniaxlal loah at 0'. 15". ROO. 45'. 60'. 75' 
Thln tubes subjected to unlaxial and comblned lo& with I cplicates). 

and soo to &ply. 
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(-40.7) 
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