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ABSTRACT

An accurate framework de​scribing the material response caused by the evolving damage state is required for reliable structural integrity analyses of advanced composite structures. The greatest difficulty in the develop​ment of an accurate and computationally efficient numerical procedure to predict damage growth has to do with how to analyze the material micro-structural changes and how to relate those changes to the mate​rial response.

Several theories have been proposed for predicting failure of composites. While significant progress has been made in this area, there is currently no single theory that accurately predicts failure at all levels of analysis, for all loading conditions, and for all types of fiber reinforced polymer (FRP) laminates. While some failure theories have a physical basis, most theories represent attempts to provide mathe​matical expressions that give a best fit of the available experimental data in a form that is practical from a designer’s point of view.

To the structural engineer, failure criteria must be applicable at the level of the lamina, the laminate, and the structural component. Failure at these levels is often the consequence of an accumulation of micro-level failure events. Therefore, it is also necessary to have an understanding of micro-level failure mecha​nisms in order to develop the proper failure theories.

The World Wide Failure Exercise (WWFE) con​ceived and conducted by Hinton and Soden [1] pro​vides a good picture of the status of currently avail​able theoretical methods for predicting material fail​ure in fiber reinforced polymer composites. The re​cently published comparison of the predictions by the WWFE participants with experimental results indi​cates that even when analyzing simple laminates that have been studied extensively over the past 40 years, the predictions of most theories differ significantly from the experimental observations. 
The uncertainty in the prediction of initiation and progression of damage in composites has led to the undertaking of an effort to revisit existing failure theories and to develop new ones where necessary. The well-established failure criteria were revisited and their prediction capabilities were compared and their qualities were examined.

This paper describes part of a newly developed set of non​-empirical criteria for predicting the different failure modes of unidirec​tional FRP laminates (LaRC03 Failure Criteria). All the calculations are at the lamina level with plane stress assumptions.

The proposed failure criterion for matrix failure under in-plane shear and transverse tension is based on Fracture Mechanics analyses of cracked plies. The proposed criterion can predict the increased strength of a ply when it is embedded in a laminate, and when its thickness decreases (in-situ effect).
Figure 1 shows the comparison between the predicted results and published experimental results for AS4-55A carbon fiber reinforced composites. Other examples of failure envelopes for different materials under several load conditions will be presented.
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Figure 1- Comparison between LaRC03 failure criterion and published experimental data.
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		0		51.8000000023		51.8000000001

		0		51.1111174286		51.7636562596

		0		50.3899690002		51.6544716112

		0		49.6351483666		51.4719825169
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		64.4444444444		32.4760187533		38.258847757

		73.3333333333		30.6974265256		36.3933438682

		45.5555555556		28.7692287525		34.3173970871

		20.5555555556		26.658983049		31.9900644962

		8.8888888889		24.3193453425		29.3516086242

		0		21.6761635223		26.3085888997
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Swanson et al. -AS4-55A

								S.R. Swanson, M. J. Messick and Z. Tian, J. Composite Materials, 1987, 21, 619-630.																c						c

								MATERIAL: AS4/55A

				t12						s22						Experimental						LaRC03						Hashin

				[mm]		[Mpa]				[mm]		[Mpa]				t12 Ultimate		s22 Ultimate				t12 Ultimate		s22 Ultimate				t12 Ultimate		s22 Ultimate

				9		10				10		20				[MPa]		[MPa]				[MPa]		[MPa]				[MPa]		[MPa]

				0		0				14.5		29				0		29				51.8000000023		0				51.8000000001		0

				0		0				12.5		25				0		25				51.1111174286		1				51.7636562596		1

				0		0				-45.5		-91				0		-91				50.3899690002		2				51.6544716112		2

				0		0				-46.5		-93				0		-93				49.6351483666		3				51.4719825169		3

				6		6.6666666667				10		20				6.6666666667		20				48.8450945068		4				51.2154053945		4

				8		8.8888888889				10.5		21				8.8888888889		21				48.0180683479		5				50.883619505		5

				28		31.1111111111				7.5		15				31.1111111111		15				47.1521244997		6				50.4751417716		6

				37.25		41.3888888889				2		4				41.3888888889		4				46.2450768006		7				49.9880921671		7

				37.25		41.3888888889				4		8				41.3888888889		8				45.2944559326		8				49.4201477017		8

				38.5		42.7777777778				3.5		7				42.7777777778		7				44.2974567514		9				48.7684822188		9

				38.5		42.7777777778				6		12				42.7777777778		12				43.2508721015		10				48.029688066		10

				43		47.7777777778				0		0				47.7777777778		0				42.151008611		11				47.1996740689		11

				46.5		51.6666666667				0		0				51.6666666667		0				40.9935780676		12				46.2735318235		12

				47.5		52.7777777778				1		2				52.7777777778		2				39.7735550979		13				45.2453586719		13

				49		54.4444444444				0		0				54.4444444444		0				38.484987384		14				44.1080200643		14

				51		56.6666666667				-3		-6				56.6666666667		-6				37.1207374557		15				42.8528249401		15

				57		63.3333333333				-10		-20				63.3333333333		-20				35.6721231642		16				41.4690727581		16

				56.75		63.0555555556				-14		-28				63.0555555556		-28				34.12840341		17				39.9434050151		17

				58		64.4444444444				-11.5		-23				64.4444444444		-23				32.4760187533		18				38.258847757		18

				66		73.3333333333				-25		-50				73.3333333333		-50				30.6974265256		19				36.3933438682		19

				41		45.5555555556				-34.5		-69				45.5555555556		-69				28.7692287525		20				34.3173970871		20

				18.5		20.5555555556				-42		-84				20.5555555556		-84				26.658983049		21				31.9900644962		21

				8		8.8888888889				-44		-88				8.8888888889		-88				24.3193453425		22				29.3516086242		22

				0		0				-45		-90				0		-90				21.6761635223		23				26.3085888997		23

				0		0				-46.5		-93				0		-93				18.6004811413		24				22.6988763968		24

																						14.8255205241		25				18.1881375675		25

																						9.5556551536		26				11.7834598223		26

																						0.0005432604		26.7				0		26.7
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Experiment, Ref. 3.


