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OBJECTIVES OF THE INVESTIGATION 

The nonideal behavior of composite materials, consisting of damage 

initiation, growth, and failure, has not, as yet, been adequately described 

due to an incomplete understanding of the mechanics of damage processes 

in these materials. A number of failure theories have been proposed 

which attempt ta describe fracture of notched composites under quasi­

static loads; however, efforts to extend th~se theories to the case of 

cyclic loading ~ave achieved only partial success, at best, because the 

damage modes for static and cyclic loading are quite different. 

There is a fairly large body of work covering a wide range of 

investigations on the fatigue behavior of composite materials [1]. The 

results of these investigations show that the state of damage in a 

composite material is strongly de~endent on the material system, laminate 

configuration, geometry, stress state, loading history, and environment. 

From an applications viewpoint, one of the most important but incompletely 

answered questions concerns the fatigue response of notched composite 

materials. 

One of the important factors controlling the fatigue damage processes 

in composites is the constraint imposed on a damaged (cracked) ply by 

adjacent (undamaged) plies. The initiation and growth of fatigue damage 

from a notch depends on the orientation of the major strength and stiff­

ness directions in neighboring plies relative to the local stress state . 

At the present time, there is a lack of knowledge of the precise details 

of damage development around a notch in laminates and a corresponding 

lack of understanding of the influence of one lamina on the response of 

another lamina when they are bonded together as part of a laminate. 



This report presents the results of an inv~stigative program under­

tak~n to attempt to add to the current understanding of constraint 

effects on the response of composite materials under cyclic loading. 

The objectives of this program were: 

a) to use existing data and to develop additional data in 

order to establish an understanding and quantitative 

description of flaw growth in unidirectional lamina under 

cyclic loading at different load direction to fiber 

direction angles. 

b) to establish a similar understanding and description of 

flaw growth in lamina which are embedded in laminates 

between other unflawed lamina. 

c) to determine the nature of the ir.fluence of constraint on 

flaw growth by quantitatively comparing the results of 

the tests. 

d) to develop a model and philosophy of constraint effects 

based on our investigative results. 
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AP?ROACH 

The approach to attaining the objectives of the program was largely 

experimental. Analytical treatments of some of the behavior observed in 

the laboratory were carried out to assist in developing an understanding 

of the mechanics which applied to the response of the composites. The 

general approach was to attempt to completely and precisely deter~ine 

the influence of constraint on the initiation, growth, and interaction 

of damage modes in composite laminates during several load histories. 

Secondly, the effect of the damage state on strength, stiffness, and 

lifetime was studied. 

Static tension tests and tension-tension fatigue tests were conducted 

on sixteen types uf T300/5208 graphite epoxy specimens as shown in Table 

I. The specimens were fabricated by Southwest Research Institute using 

pre-preg tape purchased from Narmco. Specimen types and 2 are 1.0 

inch wide by 7.0 inches long. Types 3 through 10 and type 15 are 1.5 

inche~ wide by 1.0 inches long. Types 11 through 14 and type 16 are 1.5 

lnches wide by 10.0 inches long. The through the thickness notches are 

0.250 inches 10ng by 0. 016 inches wide with a 0.008 inch radius at the 

notch tips. The notches were machined in the specimens using a 0.016 

inch high speed diamond end mill. The embedded notches are through the 

center two plies of type 9, 10, 12, 14, 15 and 16 specimens. The notches 

in type 9, [0,90J s and type 12, [±45,90J s ' specimens are parallel to t he 

fiber direction in the 90° plies. Type 10, [90,0]5 and type 14, [!45,v s' 

specimens have notches which are pel 'pendicular to the fiber direction in 

the 0° plies. The notches in type 15, [90,OJ s ' and type 16, [±45,OJ s ' 

specimens are parallel to the fiber direction ;n the 0° plies. These 
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I 

TABLE I 

GRAPHITE EPOXY TEST SPECIMENS 

Type Orientation Number of Specimens Fiber Volume Notch 
Static Fatigue Fraction, % 

[0]3 3 5 52 Unnotched 

2 [90]3 3 5 52 Un notched 
r 

3 [0,90]s 3 5 64.9 Unnotched 

4 [90,0]s 3 5 66.5 Unnotched 

5 [0]6 3 5 66.6 Through slit para 11 e 1 
to fibers 

6 [0]6 3 5 65.6 Through slit perpen-
dicular to fibers 

7 [90]6 3 5 64.7 Through slit parallel 
to fi bers 

8 [90]6 3 5 64.2 Through slit perpen-
di cular to fibers 

9 [0,90]s 3 5 63.6 Embedded slit In 90° 
plies parallel to 
fibers 

10 [90,0]s 3 5 61. 7 Embedded slit in 0° 
plies perpendicular 
to fibers 

11 [±45,90]s 3 5 65.0 Unnotched 

12 [ ±45,90]s 3 5 Embedded slit in 90 ° 
pl ies parallel to 
fibers 

13 [ ±45,0]s 3 5 63.8 Unnotched 

14 [ ±45,0]s 3 5 63.8 Embedded slit in 0° 
plies perpendicular 
to fibers 

15 [90,0]5 3 5 65.6 Embedded slit in 0° 
plies parallel to fibers 

16 [ ±45,O]s 3 5 64.9 Embedded slit ln 0° 
plies parallel to fibers 
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notches were made by milling the notch in the two pre-preg plies simul­

taneously, filling the void with liquid silicone rubber (RTV-2l) and 

curing. The silicone r~bber has no tensile or shear strength before or 

after cure. 

Mechanical Tests 

All tests were run usin9 a 20 Kip MTS testing machine operated in 

the load control mode. Load ranges were selected for maximum accuracy 

and reproducibility. 

Static Tests 

Three specimens of each type were subjected to static tension tests 

to determine the mean values of tensile strength, elastic modulus, and 

fracture strain shown in Table II. Strain data were obtained from 

strain gages and an extensometer attached to the specimens. Stacked 

strain rosettes were also attach2d to the through-the-thickness nutched 

specimens at the notch tips to measure any localized response. Similar 

gages were mounted on the outside surfaces of specimens with embedded 

flaws above the tips of thp interior flaws. The time resolved local 

behavior of the material in the neighbcrhood of the notch tips was 

recorded on video tape during the tests. Visual observations of response 

were made by re-playing the tape and noting the changes in the damage 

state during the test. 

Fatigue Tests 

The tension-tension fatigue tests ~ere run at a stress ratio of R = 

0.1 and a frequency of 10 Hz. The maximum cyclic stresses were selected 

using the static tensile strength values as a data base. A s10w rate 
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TABLE II 

AVERAGE TENSILE PROPERTIES OF GRAPHITE EPOXY SPECIMENS 

Specimen Orientation *Tens il e Elastic Fracture 
Type Strength (KSI) Modulus (MSI) Strain (%) 

[0]3 141.7 ± 10. 1 17.6 ± 0. 7 0.77 ± 0.06 

2 [90]3 (first test) 4.83 ± 0.4 1.31 ± 0.03 0.37 ± 0.0 

2 [90]3 (second test) 5.49 ± 0.8 1.34 ± 0.01 0.50 

3 [0,90]s 86 . 3 ± 17 .0 9.64 ± 0.72 0.81 ± 0.12 

4 [90,0]s 100.7 ± 14. 1 10.14 ± 2.2 0.97 ± 0.30 

5 [0]6 154.6 ± 20 . 3 

6 [0]6 72 .8 ± 1l.8 

7 [90]6 3.44 ± 0.30 

8 [90]6 6.27 :':: 0.65 

9 [0,90J s 105.3 ± 9.64 

10 [90,OJ s 82 .0 ± 0.90 

11 [ ±45,90J s 25.0 3.44 1.06 

12 [±45,90J s 25.6 

13 [±45,0]s 85.6 7.96 1. 16 

14 [ ±45,OJ s 51. 5 

15 [90,0]s 113.1 

16 [ ±45,OJ s 76.6 

* Strength values calculated using net section areas for specimens with through 
the thickness notches . 
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loading ramp was applied to bring the specimen to the desired mean load, 

and the elastic modulus was determined. A sinusoidal loading function 

of the desired amplitude was then superimposed on the mean load to 

achieve a specific cyclic loading condition. The specimens were cycled 

at a constant maximum stress until fracture or 106 cycles, whichever 

occurred first. Typically, the test was interrupted ~t 1/2, 5 x 103, 

1 x 104, 5 x 104, 1 x 105,3 x 105 and 7 x 105 cycles to allow various 

nondestructivE techniques to be applied to determine the damage develop­

ment in the specimen. 

Specific details of the mechanical tests and results are given in 

References 2 and 3. 

Damage ~etect ion 

A number of investigative methods were employed before, during, and 

after the mechanical tests to measure the response of the material and 

determine the damage state in the specimens. The methods include: 

• microscopy 

· ultrasonic c-scan 

• ultrasonic attenuation 

• acoustic emlssion 

• replication 

• x-radiography 

• stiffness 

• thermography 

• sectioning. 

The analytical work used to assist in the interpr ' tation of data 

and representation of the damage process includes: 
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• a laminated plate theory stress analysis with thermal residual 

stress and interlaminar normal stress approximation 

a one-dimensional model of a characteristic uamage state in unnotched 

laminates 

• a three-dimensional finite difference solution of the stress balance 

equations for the embedded flaw problems. 

During the static and fatigue tests, attempts were made to follow 

the initiation and development of damage in a nondestructive manner. 

When possible, these investigations were carried out in real time or 

with only short interruptions in the loarling history. Several newly 

developed nondestructive inve~tigation m( : h~ds and a number of more 

common methods have been used in concert to monitor damage development 

and assist in the interpretation of ' esults. A brief description of 

each techn ique follows: 

1. Microscopy - Light microscopy was used to observe the details 

of cracks and delaminations. Although a traveling light 

microscope can be attached to the testing machine to observe 

damage details during static tests , this form of microscopy is 

limited in that it provides a localized field of view and 

r equires a long time to scan and photograph the entire specimen . 

In many cases, the damcge events just prior to fracture occurred 

outside the field of view of the mic roscope. This form of 

light microscopy was replaced by the replication technique. 

2. Ultrasonic c-scan - The c-scan is one of the more frequently 

used nondestructive methods for inspection of composite materials. 

It is particularly suited for detecting defects in the plane 
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of a laminate plate and mapping regions of relative good and 

bad quality in the plate. However, it is not possible to 

quantify the severity of a defective reg~on on an absolute 

scale and the data is most accurately interpreted when it is 

compared to a c-scan of a calibrated test standard. In the 

present investigation, the c-scan was p . . narily used to deter­

mine the initial condition of the specimens and the extent of 

de1amination around the embedded notches. 

3. Ultrasonic attenuation - The ultrasonic pulse-echo method 

measures attenuation in thin composite laminates wi~h the use 

of a buffer block for time resolution of the pulses . An 

~nalysis of the path followed by the echos in the specimen and 

buffer block indicates that the measured changes in ultrasonic 

attenuation can be accounted for by diffraction or scattering 

effect~ caused by the develpping damage state in the material. 

The pulse-echo method is parti:ularly sensitive to the initi­

ation of damage in the interior of composite ~aminates and has 

been used on a number of different laminate configurations. 

It provides a very distinct indication of damege initiation 

which ha~ been verified by other methods such as secti oning, 

x-radiography, and acoustic e~ission. 

4. Acoustic emission - During several static tension tests, 

acoustic emission was monitored to detect the initiation of 

damage in the laminates. Although acoustic emission data is 

difficult to interpret in terms of discrete damage events 

(matrix cracks , fiber fracture delamination, etc.), the data 

are consistent with observations made using other techniques. 
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5. Replication - In the replicatioli method, cellulose acetate 

tape is softened with a dil~ted acetone solution and pressed 

against the surface where cracks are thought tG exist. The 

tape flows into the surface detail and hardens. When the tape 

is removed, a record of the surface detail is obtained. The 

image on the tape can then be viewed in a microscope or repro­

duced on film for inspection. The replication proce:~ allows 

magnification of SOX to 100X without the depth of field limit­

ations inherent to light microscopy so that the method is 

actually preferable to direct observation using ~ standard 

microscope. Replicas are made at different load levels and/or 

different numbers of loading cycles . Replicas are also made 

of surfaces created by sectioning specimens which have under­

gone fatigue loading and have developed some damage. These 

replicas are used to document the damage in the vicinity of an 

embedded flaw . 

6. Radiography - The acceptance of x-radiography as a common 

nondestruct~ve evaluation technique for graphite epoxy com­

posites has been impeded by the need to use an image enhance­

ment agent, such as tetra-bromoethane (TBE) to make the 

damaged regions opaque to x-rays. However, it is possible in 

some instances to create a situati on whict'i permits "soft" x­

radiography of graphite epoxy without the need for a,l imag~ 

enhancement agent. Althou9h all aspects of the technique are 

not completely understood at the present time, ~Jme success 

has beEn achieved in our laboratory in resolving the details 

of internal Jamage such as matrix cracks. 
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7. Stiffness - Unlike strength, stiffness decreases monotonically 

with damage and the change in stiffness can be mon~tored to 

follow the development of damage throughout the loading history. 

In some design situations, stiffness changes may be incorporated 

in the failure criterion. Change in stiffn~ss data correlates 

very well with data from other techniques which measure damage 

in composite l~m;nates. Specifically, a sharp change in 

ultrasonic attenuation and. in some cases, acoustic emission 

count rate are coincident with a knee or step in the static 

stress strain curve. The change in stiffness during cyclic 

loading of laminates with embedded flaws is an indicator of 

damage development whereas residual streng~h is not. 

8. Thermography - Video thermography is a real time thermal 

imaging method which can be used to detect damage initiation 

and follow damage growth in composite materials. The method 

is directly applicaole to damage studies in composites since 

it is able to assess the combined effect of the multiple 

damage modes which form the damage state. Damage events 

dissipate energy as heat which can be detected by a thermo­

graphic camera. By distinguishing between steady state stress 

field related heat dissipation and transient heat development, 

it is possible to aet~rmine the severity of aefects and monitor 

the propagation and distribution of flaws. 

9. Sectioning - In order to completely and precisely determine 

the nature and extent of damage in the composite laminates, a 

large lumber of specimens with monotonic and cyclic loading 
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histories were sectioned and examin~d using the replication 

method. Sectioning studies aid in the interpretation of the 

nond~structive investigation data and provide a detailed 

description of the damage state along the length and through 

the width of the specimen. The results of these studies are 

presented in this report. 

In order to accurately assess til ... effect of the different con-

straining plies on a given flJW situation, a common loading parameter is 

needed so that the local bt:'lavior of different laminates can be cOllipared 

under at least or.e identical condition. As a first attempt at identifying 

an appropriate parameter, the nominal stress in the flawed ply was 

selected. Specifically, the total loads to be applied to type 10 ([90/0]s 

with an embedded fl aw in the interior 0° plies) and type 14 ([~45/0]s 

with an .:mbedded flaw in the interior 0° plies) specimens were calculated, 

using laminated plate theory, to produce the ~ nominal stress in the 
-~ 

~ ~.:!..!!. each laminate. For example, in order to produce nominal 

axial stress in the interior 0° plies of each laminate equal to 70 

percent of the notched tensile strength of a unidirectional laminate 

(type 6 specimen), a [90/0]s laminate must be stressed to 36 percent of 

its ultimate tensile strenght (UTS) whereas a [±45/0]s laminate must be 

stressed to 41 percent of its tensile strength. These vJlues were 

calculated using laminated plate theory to include the mechani cal and 

thermal curing stresses. For specimens 1.5 inches wide, the axial 

stresses in the 0° plie~ are: 

= 52.0 P 6.04 fo r [90/0]s laminates and 

0x00 = 41.9 P + 1.44 for [±45/0]s laminates where 

the stresses are in ksi when the applied load, P, is in ~. 

12 
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SECTION!NG STUDIES 

In order to determine the extent of the internal damage around the 

embedded flaw, and to relate with results as obtained by the nondestructive 

investigations, some specimens were sectioned and replicated. 

Transverse sect ions were made on type 10 specimens (as shown 

schematically in Fig. 1) and on type 14 specimens. The sections were 

made by sawing the specimen just above the transverse axis of the flaw 

and polishing the cut surface to the flaw position. Subsequent sections 

were made by cutting and polishing at locations above and below the 

horizontal axis. Replicas of the polished surface were formed by pressirg 

a piece of 10 mil cellulose acetate tape, wetted with acetone, against 

the surface. The replica forms a permanent record of the damage detail 

on the entire surface of the section and can be studied in a mlcroscope 

or used to make photographic pr1nts. 

Reproductions of a series of replicas made on a [±45,0]s flawed lam­

inate are shown in Fig. 2. The specimen had been fatigued at a stress 

level equal to 85 percent of the average tensile strength of the lam-

inate for 200,000 cycles before being sectioned. The X = 0 replica shows 

the transverse section through the embedded flaw. The arrows indicate 

the flaw position with respect to the width of the specimen. The fatigue 

damage of the type 14 specimen consists of delamination of the +45/-45 

and the -45/0 interfaces, axial cracks along the fiber direction in the 

±45° plies near the damage area, and axial splits originating at the tip 

of the flaw and running along the fiber direction in the interior 0° 

plies. The length of the axial splits and the extent of the delaminations 

were measured on the replicas and original photomicrographs , and the 
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AT X= - d 

Fig . 1. Schematic diagram of sectioning studies on a typical [90,OJ 
5 

type laminate ~ith a flaw embedded transversely in the interior 0° 

pl ies. 
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results are presented in Fig. 3. The figures are constructed with the 

aid of a Tektronix 4051 computer and graphics system. 

To assist in the interpretation of the data, the results are presented 

for (A), delamination of the upper +45/-45 interface and (B), delamination 

of the upper -45/0 interface and (C), delamination of the lower 0/-45 

interface and (0), delamination of the lower -45/+45 interface and (E), 

a combined drawing showing the maximum extent of delamination in a 2-

dimensional plane view and the length of the axial splits in the interior 

0° plies. The transverse lines indicate the exten t of delamination as 

measured from the replica made at that particular sectioning location. 

The vertical lines in Fig. 3E show the length 'If the axial splits in the 

interior 0° plies and suggest that these axial cracks are confined to 

the damaged region around the flaw and do not extend beyond the delam­

inated zone. The c-scan of the same specimen after 200,000 cYGles is 

shown in Fig. 3F , and the shape and size of the delaminated region 

described by the sectioning data correlate well wi th the c-scan result. 

There is also good agreement between the size and shape of the 

delaminated region in the c-scan and that obtained from sectioning 

studies for a type 10 [90,OJ s flawed laminate. For this particular 

orientation of the constraining unflawed plies, however, the axial splits 

at the tips of the embedded flaw in the interior 0° plies tend to prop­

agate beyond the delaminated region. Since the ultrasonic c-scan can 

only detect planar delamination perpendicular to the direction of travel 

of the sound wave, ot~er nondestruc t ive techniques (such as x-ray radi­

ography) have to be used to determine the actual leng th of t h se interior 

axial splits. 
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Fig. 3. Results of sectioning studies on a type 14 ( [±45,0] with embedded flaw) specimen after 200,000 
cycles of fatigue loading at 85% UTS. (A) +45/-45 interface;s(B) -45/0 interface; (C) 0/-45 interface; (D) 
-45/+45 interface; (E) combined diagram of delamination and axial splits in the interior 0° plies; and (F) 
c-scan of the same specimen. Diagrams are approximately actual size. 
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RESULTS 

The following section is a summary of results of the damage initiation 

and growth for the flawed laminates under monotonic and cyclic loading 

conditions. In all cases, the flaw is located in the interior 00 plies 

and is orientej either in the direction of the fibers or transverse to 

the fiber direction . Summaries of the response of the unflawed laminates 

and l aminates where the flaw is located in 90 0 plies are given in earlier 

reports [2-4]. 

Static Tests 

Axial cracks initiated at the notch tips of the transversely notched 

[0]6 (type 6) specimens as matrix cracks at approximately 25 percent of 

the failure load. These cracks then extended along the fiber direction 

and propagated towards the ends of the specimens as the load was increased. 

The fi nal failure was usually associated with the complete separation of 

the specimen into two parts along the longitudinal cracks which developed. 

The response of a similarly notched lamina when constrained by 

unflawed laminae on both sides was quite different. In the case of a 

type 10 specimen where the constraining plies were 90 0 plies, transverse 

cracks in the exterior 90 0 plies were observed to develop at the notch 

location at stresses of approximately 20 ksi (138 MPa ) and grow to a 

length slightly longer than the nctch at 45 ksi (310 MPa). Between 40 

ksi (276 MPa) and 70 ksi (483 MPa), surface creases in the 90 0 plies above 

and below the notch were observed where cracks developed at the notch 

tips in the interior 00 plies and extended parallel to the fibers. 

Figure 4 shows the ultrasonic attenuation measured across the 

flawed region for a type 10 specimen whil e being quasi- statically loaded 
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to failure. Superimposed on the same diagram are the acoustic emission 

{A.E.} rate and lungitudinal strain variations during the loading sequence. 

The strain gage was mounted approximately one half inch below the flaw 

location. Significant acoustic emission was detected when the remote 

stress reached a value of approximately 37 ksi (255 MPa), and continued 

thereafter until fracture. At about the same stress level, the stress­

strain behavior as measured by the remote strain gage began to deviate 

frQi. linearity, lnd thi~ ~as accompanied by a sudden change i~ the 

ultrasonic attenuation measurement across the flaw location. Since this 

is above the stress level at which the 90° plies began to separate at 

the flaw location, we can assume that the acoustic emissions detected 

are not entirely due to the cracking of the 90° plies. The sudden 

increase in attenuation measurement over the embedded flaw, however, 

suggests that axial cracks might be developing at the t~ps of the notch 

along the fiber direction 1n the interior 0° plies. The existance of 

these cracks relaxes the stress state of the region, causing a relaxation 

of strain measured by a remote gage mounted on the outer 90° plies in 

the region of the 1i9ament. Hence, the presence of the constraining 90° 

plies provides additional tr~nsverse stiffness to the interior 0° plies, 

increasing the stress level at which these axial cracks develop when 

compared to the unconstrained case (type 6 specimens). 

The stress level at which the A.E. rate begins to increase was 

repeatable over severa1 tests and remained approximately the same for 

tests without the ultrasonic attenuation transducer where the restraint 

from the positioning and cla~ping of the t ransdYcer directly above the 

flaw is eliminated. The fin al failure mode of the type 10 specimens was 
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a transverse fracture of 0° plies initiating at the axial internal 

cracks. 

When a biaxial state of constraint was imposed on transversely 

notched 0° plies, such as in the cuse of type 14 specimens, where t he 

constraining plies were oriented at ±45° , the response of the laminate 

was significantly different. Figure 5 shows a typical plot of the 

variation of the me~§ured parameters for a [±45 ,0]§ flawed laminate 

under monotonic loading. There were occasional bursts of A.E., but the 

pattern was not consistant. The stress-strain behavior was linear until 

just before fracture. The attenuation across the flawed region continuously 

increased for this specimen but no detectable damage was oDserved. 

Fractures of these specimens were through the embedded flaw with the 

failure of the 0° plies extending away from the notch tip at 45° to the 

fiber direction. The remaining portion of the specimen failed transverse 

to the loading direction. Splitting of internal 0° plies at the notch 

tip was detected in some cases, but did not act as a major part of the 

static fracture. 

The importance of constraint effects on the behavior of the trans­

versely notched 0° plies can be demonstrated by comparing the tensile 

strength data uf the flawed specimens. The notched un~directional 0° 

laminate failed at an axial net secti on stress of 72.8 ksi (502 MPa). 

Using laminated plate analysis, one can calculate the net section stress 

exerted on the 0° plies in the embedded flaw specimens . The net section 

stresses were 177 ksi (1220 MPa) in the case of 90° constraining plies 

(type 10 specimen) and 145 .2 ksi (1001 MPa) in the case of ±45 ° constraining 

plies (type 14 specimen). It was obv10us that some constraint effects 
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were 0 curring since in both cases, the 0° ply stresses were higher than 

that of the uncon~trained ~ase. This is possibly due, in part, to the 

fact that any local stress cuncentration effect of the notch had been 

reduced by the presence of the constraining plies . More interpretation 

of this situation is offered in the final section of this report. 

When the orientation of the notch in the 0° plies is parallel to 

tne fiber direction, the A.E. and attenuation results exhibited similar 

trerods for the orientation of the constraining plies. Figures 6 and 7 

show tne re~ults for typical [90,0]s' type 15, and [~45.0]s' type 16, 

longitudinall y flawed laminates respectively. Again, the A.E. events 

were more pronounced for the 90° constraining ply configuration. Although 

the major A.E. activity occurred at approximately 40 ksi (276 MPa ) , 

there was evidence Jf a subtle change in the attenuation across the flaw 

as early as 24 ksi (165 MPa). coupled with small A.E. events. There was 

considerably less acousti c emission for the [!45.0]s flawed specimens, 

and the attenuation remained stable until just before fractur~. The 

failure modes for these specimens werp. not affected by the orientation 

of the constraining plies and in both cases. they were transverse to the 

loading axis and across the embed~ed flaw. However, there was some 

e~idence of splitting in the interior 0° plies for the [90 ,0]s specimens 

away ftom the flaw. 

The manner in which these interior 0° plies failed was quite different 

when compared to hat of type 5 specimens. In the unconstrained case, 

~evere axial splitting was present both at the notch tips and across the 

width of the specimen before final fracture . The 90° constra~ning plies 

also produced a higher stress in the interior 0° plies of 185 ksi (1276 

MPa) at fracture when compared to a tensile strength of 155 ksi (1069 MPa) 
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in the unconstr~ined [0]6 longitudinally notched specimens. The interior 
0° ply stress was about 145 ksi (1000 MPa) for the biaxially constrained 
situation. 

Fatigue Tests 

Fatigue d~mage of the transversely notched [0]6 (type 6) specimens 
initiated at the notch tips and propagated parallel to the fibers in an 
lOW pattern. The distance over which these axial cracks travelled 
varied in length, depending on the maximum load applied. For instance, 
when a type 6 specimen was cycled at a maximum stress amplitude of 50 
percent of its static strength, axial splits developed at the crack tips 
as early as 2230 cycles, growing to approximately 1/2 inch in length by 
3500 cycles. After 12,400 cycles of fatigue loading, the cracks had 
propagated to the gripped section. At high stresses, the cracks could 
propagate into the gripped region , causing a pull-out of the ligaments 
from the grips and a longitudinal failure. The crack initiation and 
growth during the fat~gue loading could be easily followed by thermog­
raphy although the hottest spot usually lagged slightly beh i nd the 
travel of the tip of the crack . 

A constrained notched 0° ply, such as in type 10 and type 14 
specimens, presents a more complicated situation. The local stress 
field in the neighborhood of the flaw is extremely complex. The orien­
t at ion of the constra i ning plies and the interlaminar stresses present 
inf luence the damage development around the embedded flaw in many ways. 
A t hree-dimensional analys ~ s of the stress field in the neighborhood of 
a crack in an interior lamina in a laminate had been undertaken and will 
be di scussed in ~ later section. 
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C-scan Results 

C-scan histories of speciwpns with embedded flaws are presented in 

Figs. 8-15. The c-scans were made at the cyclic intervals shown in the 

figures. In all figures, the horizontal arrow locates the position of 

the embedded flaw. 

Figure 8 shows the development of damage as revealed by c-scans of 

a type 10 [90/0J s specimen after lOOk, 300k, and 700k cycles at an 

applied stress equal to 36 percent of UTS. By lOOk cycles, and "W 

pattern has formed at the flaw. Sectioning studies, described in section 

II of the report, show that the damage consists of axial cracks at the 

tips of the notch in the 0° plies and delamination of the 90/0 interface. 

In addition, transverse cracks in the 90° cunstraining plies are also 

present. Additional cycles at this stress level cause the damage zone 

to grow in the transverse direction. Beb,'een 300k and 700k cycles, the 

c-scan reveals little or no growth of the damage zone. All c-scans in 

this report are made by gating on the same echo and using the same 

sensitivity so that the size of the defective zones in different c-scans 
-

can be directly compared and used as a relative measure of the size of 

the damage zone detectable by the ultrasonic c-scan t~chnique. 

Higher applied stresses produce higher damage zone growth rates and 

larger damage zones. Figure 9 shows that the damage zone in a type 10 

(90/0J s specimen at 51 percent of tI TS ~ ~ntin ues to grow in the axial 

direction during the first lOOk CY 'l ~~ where the test was sto~p2d and 

the specimen was sectioned. However, the transverse growth of the 

damage zone stopped after 5k cycles . Thermographs recorded during this 

test show "H" shaped hot spots as early as lk cycles. Figure 10 shows 

that after lOOk cycles at 70 percent UTS, the damage has ext2nded to the 
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Fig. 8. C-scan history of a type 10 [90,0] laminate with a notch embedded in the 
interior 0° plies under cyclic loading at §6% UTS. The nominal stress in the 0° plies 
is 70% of the notched tensile strength of type 6 specimens. 
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Fig. 9. C-scan hi s tory of a type 10 [90,OJ laminate with a notch embedded in the interior 0 0 plies under 
cyclic loading at 51 % UTS. The nominal axi~l stress in the 0° plies is 100% of the notched tensile strength 
of type 6 specimens. 
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Fig.lO. C-scan history of a type 10 [90,OJ laminate with a notch embedded 
in the interior 0 0 plies under cyclic loadfng at 70% urs. The nominal 
stress in the 0° plies is 134% of the notched tensile strength of type 6 
specimens. 
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17 

grips in the axial direction and additional cycling to 300k cycles 
increases the extent of the damage in the transverse direction. By 300k 
cycles, the 90/0 interfaces had delaminated to the extent that the 90° 
plies no longer were effective constrain i ng plies and the test was 
stopped. Visual inspection showed that the four axial cracks extending 
from the notch tips in the 0° plies had grown into the grip region 
creating a "no load" strip of unidirectional material above and below 
the embedded flaw and two load carrying strips on each side of the flaw. 

Damages zones in type 14 [±45/0Js laminates are shown in Figs. 11 
and 12. The c-scans in Fig. 11 show the defective region around an 
embedded flaw in a specimen cycled at a maximum stress of 41 percent 
UTS. By lOOk cycles, a damage zone has developed in the flawed region; 
however, there appears to be little or no growth of the zone after 310k 
cycles. During this test, the thermographic camera detected a hot spot 
as early a~ 3.3k cycles, although the thermographic pattern was not as 
distinct as in the type 10 laminates. 

Increasing the applied stress to 63 percent UTS creates a larger 
damage zone after lOOk cycles than does cycling at 41 percent UTS. The 
higher stress also causes the damage zone to increase in size between 5k 
and lOOk cycles. The thermographs recorded a hot spot in the flawed 
re ion by 1. 1k cycles. 

Some of the effects of the orientation of the constraining plies 
can be seen in Fig~. 13 and 14. Figure 13 compares the c-scans of a 
type 10 [90/0J s laminate with a type 14 [±45/0Js laminate after lOOk 
cycles. The applied maximum stress is such that the nominal maximum 
stress in the 0° plies is equal to 70 percent of tile tensile strength of 
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ORIGINAL 100,000 CYCLES 310,000 CYCLES 700,000 CYCLES 1,000,000 CYCLES 

EMBEDDED 

...- FLAW 
POSITION 

Fig. 11. C-scan history of a type 14 [±45,O]s laminate with a notch embedded in the interior 0° plies under cyclic 
loadi ng at 41 % UTS. The nominal stress in the 0° plies is 70% of the notched tensile strength of type 6 specimEns. 
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Fi9.12. C-scan history of a type 14 [±45,0]s laminate with a notch embedded in the interior O· plies under 
cyclic loading at 63% UTS. The nominal axial stress in the O· plies is 100% of the notched tensile strength 
of type 6 specimens. 



EMBEDDED 
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Fig.13. Ultrasonic c-scans of a type 10 [90,OJ
s 

and a type 14 [±45,QJ
s laminate after 100,000 cycles of fatigue loading. In each case, the 

nominal axial stress in the interior 0° plies ;s 70% of the notched 
tensile strength of type 6 specimens. 
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[90/0J s 
[+45/0J - s 

EMBEDDED 
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POSITION 

Fig.14. Ultrasonic c-scans of a type 10 [90,OJ and a type 14 [±4S,OJ s s 
laminate after 100,000 cycles of fatigue loading. In each case, the 

nominal axial stress in the interior 0° plies is 100% of the notched 

tensil~ strength of type 6 specimens. 

3S 



0° unidirectional laminates with a center notch (type 6 specimens). The 

damage zone in the [90/0]s specimen has the "H" shape mentioned previously 

with damage regions extending away from the notch tips in the 0° direction. 

This c-scan also shows defective areas throughout the [90/0J
s 

specimen 

whereas the defective region is confined to the flaw area in the [ ±45/0J
s 

specimen. Visual observation of the [90/0J s specimen shows that these 

defects are delaminations of the 90/0 interface which allow the exterior 

90° ply to peel off. The area of the horizontal bar in tl"c IIH" pattern 

is approximately equal to the area of the damage zone In the [±45/0]s 

specimen . At applied stresses such that the (1° ply :itress is equal to 

the notched tensile strength of unidirectiona~ specimens, the damage 

zone in the [90/0J s specimen is much larger ~han in the [±45/0J s speci­

men after the same number of cycl es, Fi g. 14. The "H" pattern is extended 

toward the gr p region; however, the damage zcne in the [_45/0J
s 

specimen is again confined to the embedded flaw region. 

When the orientation of the embedded flaw in (he 0° plies is parallel 

to the fiber direction 3S in type 15 and 16 specimens, the influence on 

the damage growth by the orientation of the constraining plies i~ greatly 

reduced. F'gure is shows the c-scans of a [90/0J s and a [=45/0]5 

longitudinally flawed specimen after lOOk cycles of fatigue loading. 

The nominal maximum stress in the 0° plies is approximately equal to 69 

percent of the tensile strength of 0° unidirectional laminates with a 

center longitudinal notch (type 5 specimens). The damage growth for 

these specimens was slo but gradual. Although the [ =45/0] exhibited s 
a greater degr~e of delamination after lOOk cycles, the development of 

fatigue damage for this flaw orientation was quite local,zed for both 
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Fig. 15. Ultrasonic c-scans of longitudinally flawed [90,0:1 and [±45,O] specirrens. In each 
case, the nominal axial stress in the interior O· plies is s69% of tne n8tched tensile strength 
of type 5 specimens. 
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orientations of constraining plies when compared +0 the transversely 

flawed specimens (Fig. 13). 

X-Ray R~sul ts 

The fatigue damage of laminates containing flawed interior 0° plies 

is a complex mechanism involving both axial splitting in the interior 0° 

plies and delamination at the interfaces. The question as to which of 

these occurs first remains unanswered thus far. One way to better 

understand the situation is to determine the extent of propagation of 

these axial cracks in the interior 0° plies. 

As mentioned earlier in the sectioning studies, the ultrasonic c-

scans give a 2-D view of the delaminated surfaces. The extent of axial 

splitting depends on the orientation of the constraining plies. In the 

case of a transversely f1a ',:ed specimen, the axial splits are confined tv 

the de1~ninat2d region for the [±45/0]s case, but extend beyond the 

del~minatEd region when the constraining plie~ are 90 ° plies . X-ray 

radiographs were taken of some of these specimens i~ an attempt to 

follow the development of the axial crdcks . 

Figure 16 shows the x-ray and c-sccn history of a type 10 specimen 

after 105k cycles of fatigue loading. The maximum nominal stress in tre 

AU plies is 100 percent of the notch strength of the type 6 specimens . 

The arrows in the diagram represent the tips of the axial splits as 

detected by the x-ray. In ell Cdses, the extent of the splitting exceeds 

the delaminated area shown by the c-s(cns, although the general shapes 

of the damaged region correlate well wi th one another. 

Stiffness 

The percent change in the apparent stiffness measured by a clip 
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Fig.16. X-ray radiographs ann ultrasonic c-scans of a type 10 ([90,OJ s laminate with a 
transverse flaw in the interior O· plies) specin~n after 100,000 cycles of fatigue loading. 

The nominal axial stress in the 0° plies i s 100% of the notched tensile strength of type 6 

specin~ns . 
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gauge across the embedded flaw region of the~ specimens can be related to 

the damage growth in the laminates. Figures 17 and 18 show the changes 

in the apparent stiffness of the [90/0J s and the [±45/0Js flawed lami­

nates respectively. In both cases, the percent change depends upon the 

stress amplitude and the number of cycles of fatigue loading, which 

govern the damage present and the growth of damage under cyclic loading. 

For specimens where the c-scans indicate a large degree of delamination, 

there is usually a significant decrease in the apparent stiffness measured 

at the corresponding life cycle. 

The effect of the ori entation of the constraining plies on the 

damage growth can be reflected by a comparison of the stiffness changes 

in these specimens (Fig. 19). The two specimens with nominal OL ply 

stresses equal to 70 percent of the notched unidirectional tensile 

strength (type 10, 36 percent UTS and type 14, 41 percent VTS) suffer 

the same percent degradation of stiffness during the first 300k cycles, 

after which the stiffness of the [~45/0Js specimen remains constant and 

the stiffness of the [90/0J s specimen continues to decrease. At nominal 

0° ply str~sses equal to the notched ~trength of unidirectional specimens, 

the percent stiffness change is greater in the 51 percent UTS type 10 

specimen than in the 63 percent UTS type 14 specimen. Again, the stiff­

ness of the [±45/0]s specimen initially decreases and remains constant 

whereas the stiffness of the [90/0J s specimen continues to decrease for 

lOOk cycles. At 70 percent UTS, the damage in the [90/0J s specimen 

extended to the grips by lOOk cyc~ ~ with a corresponding st iffness 

decrease of 70 percent. As the damage continued 0 spread across the 

width of the specimen the stiffness also continued to decrease. 
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Residual Strength 

In the previous sections, the discussion of the fatigue damage in 

the transversely flawed laminates (type 10 and type 14 specimens) is 

usually described in terms of three measurable parameters: namely, the 

extent of axial cracking in the interior 0° plies; the degree of delam­

ination at the interfaces; and the decrease in the apparent stiffness in 

the global section of the flawed region. Table III lists the residual 

strength data for some of the specimens which had undergone various 

cycles of f3tigue loading at some predetermined cyclic stress amplitude, 

such that the extent of fatigue damage in these specimens is distinctly 

different. For instance, for the type 10 specimens, in specimen number 

4, the damage in the laminate was severe, with the axial cracks at the 

flaw ti ps running all the way into the grip region and massive de1ami-

nation along the axial cracks. Specimen ~umber 2 containe 

degree of axial sp1ittlng with some localized delamination. 

only a small 

The damage 

in specimen number 3 was similar to that of number 2, but the travel of 

the internal axial cracks was longer. 

When these specimens were pulled for residual strength after cyclic 

loading, there was very little difference in the final fracture mode. 

The f ai lure mode was a transverse fracture with some degree of axial 

cracking in the interior 0° plies both at the tips of the flaw and in 

the remote region, and is quite similar to the static failure mode of 

the specimens which had not undergone cyclic loading. There is no 

apparent difference in the residual strengths of these specimens, and in 

all cases, the net section st res s in the interior 0° plies at fracture 

exceeds the measured strength of the unnotched unid irec tional 0° lami­

nates (type 1) of 142 ksi (980 MPa) . In the case of spec imen number 4, 
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TABLE III RESIDUAL STRENGTH DATA FOR TYPE 10 AND TYPE 14 SPECIMENS 

RESIDUAL NET SECTION STRESS IN 0° 
AVERAGE SIRENGTH PLIES AT FAILURE {KSI) 
TENSILE AFTER 
STRENGTH FATIGUE STATIC RESIDUAL 

SPECIMEN TYPE LOAD HISTORY OF SPECIMEN LOADING (average) 
AND NUMBER {CYCLES @ STRESS} TYPE {KSq {KSI) 

10 [90/0]5#1 38K @ 120%oNS 82 72.34 164 156 

~ 10 [90/0]5#2 lOOK @ !OO%oNS 82 82.1 164 163 (J'I 

10 [90/0]5#3 106 
@ 100%oNS 82 84.88 164 168 

10 [90/0]5#4 106 
@ 130%oNS 82 91. 33 164 172 

14 [±45/0]5#1 106 
@ 120%oNS 51 5J.21 136 148 

14 [±45/0]5#2 lOOK @ 100%aNS 51 45 . 82 136 120 

14 [±45/0]5#3 106 
@ 100%o NS 51 47.95 136 122 

~ 



the degree of axial splitting was more severe and there was evidence of 

multiple transverse fractures in the 0° plies, resulting in a higher 

strength value. 

Similar results were obtained for the type 14 specimens. Here, 

zince the biaxial constraining plies restrict the spread of the fatigue 

damage, the final damage states in the specimens are not significantly 

different. The net section stress at failure in the 0° plies was lower 

than the average static value and the strength of the unnotched uni­

directional 0° specimens suggesting that the influence of the notch is 

still present. 
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DISCUSSION AND INTERPRETATIONS: 

The general objective of this investigation was to achieve an 

understanding and representation of constraint effects for a well con­

trolled set of circumstances. The motivation for such an undertaking is 

provided, primarily, by the possibility of reaching a level of under­

standing which is sufficient to support the accurate anticipation of 

unfamiliar situations involving constraint effects. For that reason we 

have tried to classify and catagorize our observations as precisely as 

possible, and have attempted to develop concepts that are more general 

than our specific observations. This section is devoted to that aspect 

of our work. While our comments must be viewed as present opinions 

based on our past experience and the present investigation, in every 

case our remarks are supported by facts. Since al l such facts are not 

yet available, the "generalities" which can be drawn are "general" in 

that context, a common ~ituation . 

The approach we used in our investigation, as described earlier, 

will be the approach we use in our attempt to rationalize the results. 

Specifically, we believe that a workable logic can best be constructed 

based on the last ply to break - the zero degree (0°) plies in our 

discussion below. The approach corsists of evaluating constraint 

effects as they influence the b~navior of the controlling plies. Hence, 

the behavior of the 0° plies alone is assessed, and the effect of adding 

various angle plies to the laminate is treated as the "constraint effect." 

The object of this rigor is the determination of strength, stiffness, or 

life of a laminate, or combir.ations of those, based on lamina response 

and rational analysis. The importance of such a capability for creative 
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design and efficient design can hardly be overstated. 

It would appear that constraint effects, as we have defined them 

above, can be classified in two catagories, in-plane effects and through­

the-thicKness effects. The in-plane effects are those which act in the 

plane of the laminae and laminate, the (x,y) plane described earlier. 

Through-the-thickness effects can be thought of as occurring in the 

(x,z) plane which includes the through-the-thickness dimension of the 

laminae and laminate as well as the longitudinal (x) direction. The 

manner in which these two catagories effect response is fairly distinct 

in many regards, and the nature of the mechanics involved in the two 

cases is rather different. The in-plane rroblem involves a plane of 

uniform material properties so that linear elastic stress fields can be 

su~erposed. The in -plane response and th~ in-plane constraint effects 

are the principal contributors to notched strength (and changes in 

notched strength) under quasi-static loading. Through-the-thickness 

effects involve laminae boundaries. The stress fields in each lamina 

are coupled to those in the other laminae by interlamindr stresses . 

Thi~ material nonuniformity has a major influence on the effect of 

constraint and on the constraint stresses themselves (which are the 

interlaminar stresses). The major effect of through-the-thickness 

constraint stresses is on fatigue response; quasi-static notched response 

is influenced by the transfer of shear behavior across the boundaries of 

the 0° ply in regions above and below the notch but the shear that is 

being transferred is an in-plane shear. Through-the-thickness effects 

hove more to do with delamination, longitudinal cracking and the growth 

and coupling of transverse cracks in the off-axis pli es. These items 
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are more important to fatigue response than to quasi-static response. 

We will begin by discussing the in-plane problem. To address that 

problem properly we define, more precisely, constraint effects. The 

interpretation is simple. If a lamina or laminae of identical type and 

orientation are unconstrained we assume we are di scussing unidirectional 

behavior . If angle plies are laminated onto the 0° (or lowest angle) 

ply, they constrain tre response of the uni i rectional Inaterial accordingly. 

We consider that situation to define constraint effects. For the un notched 

in-plane problem we can imagine the constraint process to be represented 

by Fig. 20 . There a laminate consisting of 0°,45°, and 90° plies is 

shown at the to~ of the figure. When an axial (out of the paper) force is 

applied to the laminate the Poisson effect would cause the transverse 

dimensions (horizontal in the figur~) to change in the proportions shown 

in Fig. 20b. (The thickness changes, which will be uniform, have been 

ignored.) Of course the laminae are bonded together so that the trans­

verse strains shown in Fig. 20b are not allowed. Rather, each of t l e 

plies applies a transverse stress to its neighbor(s) so that a common 

transverse strain occurs as shown in Fig. 20c. The proportional mag ­

nitude of those transverse (constraint) stresses in also shown in Fig. 20c. 

For the present case the 0° plies are nearly "unconstrained" from the 

standpoint of the elastic stress state while the 45° and 90° plies 

experience large constraint stresses. The nature of the constrain~ is , 

of course, controlled by the orientation of ~he plies in a given laminate. 

A list of unidirectional and laminate Poisson's ratios is shown in 

Table IV. The calculated values were determined from a laminate analysis. 

The Poisson contraction controls the magnitude of the constraint stresses 
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Fig. 20. Axial view of unlo il ded (a), loaded but unconstrained (b), 
and loaded and constrained (c) transverse (Pois 50n) displacement for 
a qU.'lsi-isotropic laminate under axial loading. 
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1 
and can be used to calculate the transverse (Oy) component. While using 

engineering modulii, which are determined from unidirectional stress 

tests, i5 not a recommended general procedure for the determination of 

lamina stresses, the approximate value of the transverse stress (Oy) can 

be quickly and easily obtained by a very simple procedure if Poisson's 

ratios are known. The most important aspect of the scheme is that it 

provides a conceptually simple ratinnale for understanding and mentallj 

estimating the transverse normal ~s ses that are created by constraint . 

TO apply the scheme nne first calculates a "differential Poisson's 

ratio" defined as the absolute difference bE>tween the Poisson's ratio of 

the ply in question when that ply is unconstrained and the laminate 

Poisson's ratio when the subj~ct ply is bonded into the lamindte of 

interest. Analyticaliy the expression is stated as 

~v = I v (constrained) - v (u nconstrained) 

For any given axial loading. represented by an axial strain of 
o 

E , 
X 

the "constraint effect·, in the transverse direction is then given by 
o 

:J.v E 
X 

II 

The transverse normal stress ill the subject ply is then approximated by 
i 0 

= E !::'v E Y y X 
1 I I 

where is the engineering Youn9'S modulus of the subj ect ply in thE> 

transverse (y) direction. ihe accuracy of ~uch a simpl i fied scheme is 

indicated by the comparisons shown in Table V. Th~ "constraint stres ses " 

shown there are y 
stresses, and tr:e "exact" values are those stresses 

calculated by a standard lamina e analysis. The only noticeable difference 

in approximate and exact values is seen to occur for the [=45,0]s laminate. 

The Poisson's ratio for 45 0 (or ~45 °) laminae ;s not a well established 



TABLE V 

CONSTRAINT STRESSES 

Constrained Ply Exact Approximate 

00 ply in [O,90]s + 1 , 418 + 1,413 

90 0 ply in [0,90] 
s 1,418 1,399 

-I::) 
1,720 

i45° pl ies in [ ±45,O] + 860 s + 779 (v=0.8) 

"" 
c 



number and may have contributed to the difference. In the context of 

our disc~s sion it is especially important to notice the large difference 

in the constraint environment of the 0° plies in the two cases examined 

in Table V. In one cQse the 0y constraint stress is positive 

and in the other case it is negative. (In both cases an axial strain of 

1000 ~ was applied to the laminate.) The transverse stress is signifi-

cant in magnitude in both cases. It would be difficult to imagine that 

any damage that develops in the 0° plies would be unaffected by such a 

stress or that the nature of damage develDpment in the 0° plies would be 

identical when the J stress changes from a large positive to a large 
y 

negative value. In fact, we have found that these stresses do have 

a signifir nt influence on damage develcpment. While some occasional 

suggestion of that fact has been made elsewhere from time to time, no 

damage growth model, that we are aware of, explicitly includes the 

influence of a constraint stres~es . In the case of unnotched response 
y 

damage in the 0° plies consists, primarily, of longitudinal splitting 

along the 0° fibers in the unconstrained case. While final fracture 

requires transverse fiber breakage, the transverse fracture is nearly 

always discontinuou~ with regions separated by longitudinal splitting. 

The effect of transverse 0y con$traint stresses on this dcmage mode is 

easily noticed. For the [0,90J s luminate the transverse y stress in 

the 0° ply is positive, as shown in Fi7. 20 . unA might expect such a 

stress to contribute to an increase in longitudinal srlitting , compared 

to the unconstrained behavior. It i~, in fact, so. Our NOT results as 

well as our sectioning st u'i ies show ~ definite Increase in the number of 

longitudinal cracks that fOrTI ;n the 0° plies for a given load or for a 
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given number of cycles at a given stress amplitude when the 90° plies 

are added t o the unidirectional 0° p1 :es. At the same time, adding the 

45° plies to form the [±45,OJ s laminate, so that the transverse (Oy) 

stress in the 0° plies is compressive , decreases the longitudinal sp1it-

ting essentially to an unobservable level. 

This situat ion is more complex but conceptually similar when a 

notch is present. Two basic modes of degradation at a notch in unidi­

rectional orthotropic laminae are shown in Fig. 21. (Actually, the 

anisotropy is not an essential part of this discussion except as it 

changes the magnitude of the individual stres s compor.ents.) In Fi g. 21a 

the shear mode of damage is shown whereby a "plug " of material pu ll s 

out above and below the open crack surfaces by a shearing motion. The 

effect of constraint on this mode can also be seen by considering the 

super pos i tion of the constraint stresses as We did fo r the unno t ched 

case . The res i st an ce to shear of t he [±45 ,OJ s cons t rai ned case i s 

nea rly fi ve times as great as the [90, OJ s case. We mi gh t expect t his 

damage mode t o be very ef fectiv ely suppress~d in t he [ =45,OJ
s 

laminat e, 

and less so in the [90,OJ s case. Precisely such a si t ua t ion i observed 

in the laboratory . Figure 21b shows a second degradati on mode whereby 

normal stresses develop across planes perpendicular to t he crack and t he 

crack plane, potentially causing a crack-opening mode of damage above 

and below the crack. This mode of damage is most influenced by t he 

transverse (Oy) in-plane constraint stresses discussed for the unnotched 

case . The nature of that effect for the pres~nt case is similar t o the 

shear s ituation, i.e., the 45° plies superpose a compressive OJ 

stress which tends to suppress the damage mode while the [90,OJ
s 

lamin ate 

has tensile 0y st resses in the 0° pli es , which shoul d enhance longi t ud inal 
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Fig. 21. Two basic modes of degradation at a 
notch in a unidirectional lamina. 
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crack formation and surface separation. Our investigation again confirms 

this behavior. It is interesting to note that the approximate models of 

damage growth and strengt'. in the degraded condition do not account for 

the effect of the 0y stress due to constraint, but the observations of 

physical behavior cannot be explained unless that component is included . 

For example, suppression of longitudinal cracking is usually ascribed to 

the superior shear resistance of the 45° plies. However, when a notch 

is not present, longitudinal cracking is enhanced (i.e., more longitu­

dinal cracks form) when 90° plies are bonded to the unidirectional 0° 

plies. There are no in-plane shear stresses in that case; the only 

explanation is the tens i le transverse normal stress ~nducec by the 

constraint. One other point is important, regarding the details of our 

present constraint compa ri son. The [±45,OJ s laminate represents the 

"least damage" situation, i.e., the longitudinal cracking at the crack 

tip is very ffective1y suppressed in both the static and cyclic loadi ng 

case. But that laminate does not have the greatest notched strength. 

The best way to compare strength, for the purposes cf our discussion is 

to compare the net section (or nominal) stress in the 0° plies when 

failure occurs. All "strengths" will be calculated that way in this 

paragr:~h. The strength of the unidirectional 0° laminae was about 147 

ksi (1014 MPa) in our tests. When a notch was added (transverse center 

notch ) the strength dropped to 86 ksi (593 MPa ) . When the 90° plies 

were added to unidirectional 0° plies to form a [90 ,OJ s laminate, the 

measured strength was 187 ksi (1289 MPa). When 45 ° plies were added t o 

form the [±45,0] laminates the strength of the 0° plies became over 200 s 

ksi (1379 MPa). The strength of the notched 0° plies const rained by 

90° plies became 177 ksi (1220 MPa ) , which ind i cates that the notch 
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effect had essentially vanished. The notched strength of the [±45,0]s 
laminate was about 145 ksi (1000 MPa) which shows some retention of the 
notch effect in this case where the notch geometry is retained by the 
constraint of the 45° plies. Hence, we see that the maximum constraint 
([90,0]s) does not corresp0nd to the minimum damage, and the minimum 
damage ([±45,O]s) does not correspond to the maximum strength. 

To summarize the in-plane effects, we must know the stress fields 
caused by the constraints. While this is generally not a major problem, 
good approximate schemes are difficult to construct and our unders t c id ing 
of post-damage stress states is incomplete . Equally important, we must 
know the dominant damage modes in the unconstrained and constrained case 
and how the constraint stresses affect those modes. Only when both of 
these situations are accurately assessed can the influence of constraint 
on strength, life and stiffness be correctly anticipated. If cyclic 
loading is present we must account for any new damage modes that result, 
especially the i i~ creased importance of inter1aminar stresses and con­
sequent debonding and delamination. Finally, we must account for inter­
actions between damage modes and all constraint stresses, including the 
transverse normal stresses which seem to have been ignored in many 
modelling attempts. 

The second general catagory of constraint effects is through-the­
thickness effects. These effects are the result of interlaminar stresses 
that result from the different response of each lamina in the laminate. 
Two b~sic consequences of these stresses are most significant from t he 
standpoint of influencing response. First, independent of the action of 
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an (in-plane) notch, the through-the-thickness constrain t control s t he 

pattern of t ransverse cracks that form in the off-dxis plies of a lami­

nate, which, in t urn, controls the state of stress and state of strength 

of the laminate in the unnotched case. Second, the through-the-thickness 

stresses in the neighborhood of a notch (or transverse crack in a given 

lamina) control the tendency for delamination and crack growth along 

laminae boundaries. We will describe the first of t hese effects by a 

modelling exercise which follows. 

The modelling method choosen was an equilibrium element approach 

similar to that which has been used by other authors for other fracture 

problems in composite materials [5,6 ]. A schema ic of the 'dealized 

damage situation is shown in Fi g. 22, III L " ~ figure , a : rack is (ISS meet 

t o have formed in two plies hav'ng a tn fal '~ th "a", II I- _ hemat ic 

represents an edge view of t p crackea ~mina te . We assume that tl~ 

constrain t l ayers next t o t he crack ha e an u~ientation of a degrees 

t o t he load axis . We further assume that the d l ~turbance caused by the 

broken layer does not extend b yond the first const aining (unbroken ) 

ply on either s ide of the bro ken pl v. Flnally, on t h basis of experi­

mental observati ons we estimate t any g adients i n r spo e from ply 

t o pl y occur over a distance, b, which ex tends for a d l~tance of one 

twentie th of t he ply width int ~ each ply, or abou the thi ckness of one 

t ow or bundle on either side of the ply interface in he case of graphite 

epoxy for example . Actually , the nalysis was tested by appl yi ng it to 

a spec ial problem. We have observed that cracks that form in a single 

ply, or i~ adjacent plies of the same type, develop a regular spa cing as 

load i ng (o r the number of cycles of loading) is increas ed. It;s our 
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Fig. 22. Schematic diagram of a crack in 
two 90° plies at the edge of a laminate. 
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observation that this "saturation spacing," as we shall call it, is 

characteristic of specific laminates with specific stacking seQuences 

and, as such, is an ideal test of our analysis. Five such cases were 

analyzed, as shown in Fig. 23. The analysis was used to predict the 

characteristic saturation spacing of cracks by assuming that the con­

straining layers transferred stress back into the broken ply on either 

side of the cracks until the stress which created the first crack was 

reached again. At th~t distance away from the first crack, a new crack 

will then form. 

The results of the analysis are shown in Table VI, along with the 

spacing values measured experimentally. The experimentally determined 

values are expressed as the range of values included within one standard 

deviation above and below the average measured value. Both static and 

fatigue data are shown in one case. 

The first two entries in Table VI show the results of calculated 

equilibrium spacings for a [0,90]s laminate and a [90,0]s laminate. The 

agreement between predicted and observed crack spacings is satisfactory . 

It is especially interesting to notice the large difference in crack 

spacing caused by only a change in stacking sequence, a clear indication 

of the importance of constraint effects. The [0,90]s laminates have 

nearly twice as many transverse cracks as the [90,0]s laminates in the 

90 0 layers; the [0,90] laminate also has the lowest quasi -s tatic strength. s 

Crack spacings in a number of other situations are also shown in 

Table VI. In each case the constraint of each ply on its neighbors and 

of the laminate response on the individual plies determines the equilibrium 

crack spacing . Figure 24 shows a typical example of this equilibrium 
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TABLE VI 

Predi cted Crack Observed Crack 
Specimen Type Spaci ng (1TITl) Spacing (J1TTl ) 

Cracks i~ two center 90° plies of 0.882 1.087 - 0.532 
[0,90]s laminate 

Cracks in outside 90° plies of 1.66 1. 73 - 0.775 
[90,0]5 lamina t e 

Cracks in center two 90 0 plies of 0.76 Static 1. 51 - 0.62 
[O. ±45,90]s laminate 0.76 Fatigue 1.44 - 0.47 

Cracks in two center 45° plies of 1. 21 1. 25 - 0.995 
[0,90, ±45]s laminate 

Cracks in sin11e 90 0 plies of 0.411 0.423 - 0.241 

0'1 

[0,90145 s laminate 
w 

Cracks in +45 0 plies of 0.875 0.909 - 0.524 
[0,90! 45]5 laminate 

Cracks in outside 90° plies of 1. 12 "1.40 - 1.07 
[902 ,0, 245]s laminate 

Cracks in -45° plies of 0.879 0.960 - 0.889 
[0,±45,90]s .aminate 

Cracks in 90° plies of 
[0,902,~45]5 laminate 

0.701 0.600 - 0.460 

Cracks in +45° plies of 0.890 1.05 - 0.650 
[0,902 ,±45]s laminate 

Cracks in -45 0 plies of 1. 223 1.38 - 0.963 
[O,902,t45]s laminate 
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Fig. 24. Observed (top) and Predicted (bottom) Characteristic 
Damage State for Type II L~minate 
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damage state for a [O,90,±45Js laminate. (The observed state is on the 

top and the predicted one is on the bottom.) This characteristic damage 

state is created at moderate quasi-static loads or by cyclic loading. 

The plies which form cracks are determined by the magnitude of the load 

level, but the tot3l number of cracks in the equiliorium characteristic 

damage state in a given ply is a laminate property, independent of load 

history or geometry. This characteristic damage state (CDS) controls 

the state of stress and state of strength in the laminate until the 

final failure events begin, quite close to fracture. The CDS is a 

direct result of through-the-thickness constraint stresses which control 

its formation. 

The second basic consequence of through-the - thickness stresses is, 

as mentioned earlier, the influence of those stresses on notch or flaw 

growth along laminae boundaries. This effect can also be modell ed, but 

the model must be accurate enough to give fairly reliable three-dimensional 

(complete) field stress information. Such an analysis was deve~oped in 

our laboratories under a contracted investigation sponsored by Wright­

Patterson Air Force Base (contract no. F33615-7t-C-5044). The analysi s 

is a thre~-dimensional finite difference scheme which can calculate 

complete st ress fields for the cracked lamina problem. 

Although the one dimensional analysis discussed earlier is very con­

venient and instructive, the details of the mechanics involved in crack 

formation and especially crack growth can not be extracted from such an 

analysis. The precise nature of the stress field in the neighDorhood of 

a crack in an off-axis ply will determine how that crack grows into the 

next ply, or along the ply interfaces, or couples with other cracks, or 

65 



participates in a laminate fracture event. The mechanics of these 

important aspects must be investigated by means of a more general and 

more precise analysis scheme. To investigate the nature of such stress 

~lelds in compos1te laminates with internal cracks transverse to the 

direction of loading the following model was developed. 

It is assumed that the laminate is infinitely wide, and that the 

cracks extend across the width. Therefore, the stresses are independent 

of y (Fig. 25). The equilibrium conditions then become: 

ao aT 
_x+-E..=o ax az 

( 1 ) 

al ao 
-E.+_z=o ax az . 

Based on this assumption, and with the aid of the constitutive rela-

tions for the material system under consideration, the y dependence of 

the displacements u, v and w (i n the x, y and z directions respectively) 

can be determined analyticall y. Accounting for the symmetry conditions, 

the functional forms of these displacements are found to be: 

u(x,y,z) = U(x,z) 

v(x,y,z) = V(x,z + Cy 

w(x,y,z) = W(x,z) 

(2) 

Through the use of the strain -di splacement relations it can be 

observed that the displacement field given by equations 2 represent 
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the generalized plane strain problem of elasti city . The constant, C, 

represents the normal strain in the y direction. Due t o the symmetric 

nature of the problem, equations 1 need only be solved within the 

first quadrant of the x-z plane. A numer;c~l solution to these equations 

is obtained by expressing tha stress components in terms of the disp1ace-

ments, and employing a finite difference discretization scheme. This 

way, equations 1 are reduced to a set of coupled linear algebraic 

equations in the unknown nodal values of U, V and W that must be 

satisfied at all nodal points of the finite differe~ce grid. For improved 

accuracy near boundaries, equations 1 are satisfied not only at all 

interior nodes, but also at the boundary nodes. The resulting unknown 

fictitious nodal values outside ·he physical domain are evaluated with 

the aid of boundary conditions discretized by central differences. 

These are: 

U(L,z) = Uo 
(3) 

V( L,z) = W(L,z) = 0 

JU/ av/ a
2w[ = az z=o = az z=o = a/ z=O 0 (4 ) 

av I = ax x=o aWl = 0 ax x=o (5 ) 

(6) 

When a transverse crac k exists in the y-z plane, cond iti ns 6 are 

replaced by 

(7) 
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over that pa of the boundary where z e (S, or S2)' A complete 

mathematical treatment of this formulation is given in Reference [7J. 

Some of the stress distributions in damaged laminate5 obtained by 

the use of this analysis are presented in the following section. The 

applied strain values for all examples discussed here are: 

10 - 3 " I" E = 1n Hl x 

and 

Ey = - 2 x 10-4 inlin . 

Figure 26 shows the axial nOlmal stress through the laminate 

thickness for ti~ree la::1inates when the interior plies always consist of 

a pair of 0° lamin~e with a center notch. The ordinate of the figure is 

actually the stress elevat10n due to the notch for three different 

constraint layers. Interestingly ~r:ul !g h, the lowest modulus (and strength) 

constraint layer has the high~st stress elevation due to a notch. 

Figures 27 and 28 show a stress that would be completely absent in 

an unnotched laminate. ihe through-the-th ickness shear stress, T
XZ

' 

comes about because the broken lamina tries to "s lide out" in a manner 

similar to our earlier discussion for the in-plane problem. From the 

standpoint of damage growth this stress contributes to growth between 

the plies, i.e . . a spread of damage above and below the notch or ply 

crack. The magnitude of the calculated stresses is quite high, high 

enough to participate in damage growth. The distribution of shear 

stress for the two laminates is quite similar suggesting that the 0° 

plies control that distribution. 

Figure 29 shows another stress component that is entirely caused 
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by the internal crack or notch. It is a through-the-thickness normal 

st ress, a " which develops at the interface between the broken and 
~ 

unbroken plies. The three constraint situations discussed earlier are 

shown. Again, the [90,0]s case shows the greatest az stress. The a z 

component of stress would be expected t o produce delamination modes of 

damage, and the stress levels calculated are significant. As we have 

shown in the sections on experimental results, the [90,0]s laminates 

delaminated extensively in the neighborhood of the notch, and continued 

to delaminate above and below the longitudinal crack that grew away from 

the notch tips. Hence, there is ample evidence that t he model is 

helping to anticipate the details of constraint-stress-controlled flaw 

growth. Such a modelling scheme could also be applied to failure-theory 

analysis to predict f law growth through the thickness as well as along 

ply boundari es. 
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CONCLUSIONS 

A systematic investigation of the effects of constraint on flaw 

growth and material response has been conducted for several basic 

situations. The investigation included studies of notched and unnotched 

laminae, notched and unnotched laminates, severa1 orientations of notch 

axis with respect to load and principal ply directions, and several 

orientations of constraining plies. The approach to the study of con­

straint effects included static tensile and cyclic tension-tension 

loading, a number of nondestructi ve investigations to detect and monitor 

the damage state, sectioning studies, stiffness measurements, and 

residual strength determinations. The experimental program was com­

plemented by an analysis of the characteristic damage state in unnotched 

laminates and a stress analysis of laminates with constrained (embedded) 

flaws. 

The response of laminates containing embedded flaws in 90° plies 

constrained by 0° and ±45° plies was found to be sensitive to defects in 

the 90° plies. However, the critical defects were not necessarily the 

intentional flaws put in the specimens during the fabrication process. 

In a number of cases, the foilure of these laminates was due to an 

inherent unintentional defect and was independent of the intentional 

defect. Although many cracks will develop in the 90° plies during 

static and cyclic loading, the collective effect of these cracks on 

laminate response cannot be ignored. Thp. transve rse cracks in 90° plies 

of quasi-isotropic laminates, for example, develop in a regular and 

predictable fashion and form the basis of the cha racteristic damage 

state which controls subsequent response of the laminates. However, the 
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spacing of the cracks in all off-axis plies is dependent on the con­

straint imposed on those plies by adjacent plies. 

The response of laminates containing constrained 0° plies was 

evaluated in terms of the nominal stress in the 0° plies and the strength 

of notched nd unnotched 0° specimens. This proved to be an effective 

method for comparing the response of laminae under different constraint 

situations. 

The effect of constraint on the response of composite materials can 

be classified in two categories: (a) in - plane effects and (b) through ­

the-thickness effects. In-plane constraint is the principal contributor 

to notched strength and changes in notched strength under quasi-static 

loading . Damage initiation, which occurs during the first loading cycle 

at stress levels of practical importance, can be described in terms of 

in-plane constraint effects. T~e modes and extent of damage which 

develop follow from the stress state and distribution of stresses in the 

constrained plies. The damage mode~ in the constrained plies are due to 

the in-plane shear stress and the transverse normal stress components as 

determined by the orientation of the constraining plies. However, 

constraint situations which produce greatest static strength do not 

minimize the extent of damage which develops during static or cyclic 

loading. Likewise mi~imum damage situations do not correspond to 

~aximum strength Cases. 

Growth of damage during cyc lic loading is due to through-the­

thickness constraint effects. The response of unnotched laminates to 

static and cyclic loads is controlled by the characteristic damage state 

which forms independently of the loading history. Damage mcdp.s in a 
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laminate are dependent on the stacking sequence, and the distribution of 

a particular damage mode in a given ply is sensitive to the constraints 

imposed on that ply by surrounding plies. Damage in quasi-isotropic 

13minates with a [0,±45,90]s stacking sequence, for example, consists of 

transverse c 3cks in the 45° and 90° plies, longitudinal cracks along 

the ±45° ply interface, alld de l aminations between the 90° plies. When 

the stacking sequence is varied to [O ,90,±45]s' the in-plane stresses in 

a particular ply are identical to the in-plane stresses in plies of 

corresponding orientation in the first laminate. Although transverse 

and longitudinal cracks still form, the delamination mode of damage is 

suppressed in the second laminate. Within the 90° plies of each laminate, 

the distribution of transverse cracks is governed by the ori entation of 

adjacent plies as it determi nes the distance over which stress is transferred 

back into the cracked ply. 

Out -of-plane stresses produced by constraints are influential on 

the growth of damage along ply interfaces. This is especially important 

during cyclic loading . The gradient of interlaminar shear stress T xz 

near the flaw is greater in [90,0]. notched laminates than in [ ±45,OJ s 
laminates. Also the interlaminar normal stress 0z near the flaw is 

greater in the [90,0]s laminate than in the [±45,0]s laminate. During 

cyclic loading, the growth of damage (delaminations and cracks parallel 

to the fibers) is much more extensive when notched 0° plies are con­

strai~ed by 90° plies than when the same plies are constrained by ±45 ° 

plies, even when the nominal stress in th~ constralned plies is the 

same. Furthermore, damage in [90,OJ s laminates continues to grow during 

cyclic loading; but damage in [! 45,OJ s laminates may arrest or grow at a 

slower rate. The growth of damage during cyclic loading is also reflected 
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by the change in stiffness, which was greater for [90,0]_ laminat~s than 
~ 

for [±45,0]s laminates under the same nominal cyclic 0° ply st ress. 

Finally, the mode of dam~ge and the extent of damage in constrained 

notched and unnotched plies and subsequent changes in material properties 

is governed by the stress state in those plies, as determined by the 

constraining plies, and the relationsh ip of the stress state to the 

strength state. The results of the present program have increased our 

knowledge and contributed to our understanding of constraint and its 

effect on composite materials response. However, a comple e understanding 

of all aspects of constraint, especially how it controls the fracture 

event, has not as yet been achieved. This understanding will only come 

through the proper coupling of mechanlcs with materials response in 

carefully planned and carri ed out investigations. 
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