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Abstract

A finite element model was generated to study how thermal stress influences 

damage progression in carbon-fiber reinforced composite laminates using a double shear 

bearing joint model. Quasi-static damage was observed using a progressive damage 

method that incorporated Hashin type damage criteria. M aterial properties for FiberCote 

T700/E765 24K unidirectional carbon fiber were used to create three material models 

with properties corresponding to the ambient temperatures -55, 20 and 82 °C. The joint 

strength was predicted using a 2% bearing strain offset method. At -55 °C ambient 

temperature, joint strength was reduced 8.6% as the relaxation (stress-free) temperature 

was varied from 20 to 100 °C. At 82 °C ambient temperature, jo in t strength was reduced 

3.6% as the relaxation temperature was varied from 20 to 100 °C. Increasing the 

relaxation temperature decreased the jo in t strength and increased the matrix tensile 

damage rate but did not greatly affect other failure modes.
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Chapter 1 Introduction and Overview

1.1 Fiber reinforced polymer

Fiber reinforced polymer (FRP) is a high strength, corrosion resistant material that is used 

in civil, industrial, aerospace and marine applications. An FRP is comprised o f high 

strength fibers bonded with a weaker matrix material. Many organic, inorganic and 

synthetic fiber materials have been used in the production o f FRPs. The matrix material 

may include either thermoset (epoxy) or thermoplastic polymers. W ith the increasing 

application o f FRPs for critical structural applications, it is essential that designers can 

accurately predict the strength o f structural components over a broad application 

temperature range. Many unique methods have been developed to predict damage in 

composite materials under multi-axial stress states [1].

The strongest FRP structures are constructed from unidirectional tapes that have long 

parallel fibers that are bonded with a thermoset matrix material. Unidirectional tapes have 

high strength and stiffness potential since the highest fiber packing density can be 

achieved with parallel fibers as opposed to woven fibers [2]. During construction o f a 

structural component, unidirectional tapes are stacked at various orientations to form a 

laminate. Heating the assembled laminate for an extended period or using a curing agent 

causes a cross linking reaction that permanently solidifies the thermoset matrix. 

Thermoset matrix materials are generally brittle and have low impact resistance [2, 3].

O f particular interest in this study is carbon fiber tapes bonded with a thermoset matrix 

material. Carbon fibers are formed by graphitization o f organic fibers under high heat in a 

low oxygen environment. Carbon-fiber/thermoset materials are characterized by high 

strength-density and stiffness-density ratios and are commonly used for efficient 

structural applications [2]. The analysis methods presented can be selectively applied to 

other composite material combinations such as glass-fiber/thermoset and Boron- 

fiber/thermoset.
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1.2 Progressive damage method

The progressive damage method (PDM) was the primary analysis tool used during this 

investigation. Three basic steps are repeated during a PDM  analysis [4].

1. Determine the stress state o f the model using a stress analysis method after a 

small fraction o f the maximum load has been applied;

2. Evaluate the model for damage at each material point using damage criteria; and

3. Apply degradation rules to reduce the elastic properties o f failed material based 

on the mode o f failure.

1.2.1 Stress analysis

The finite element method (FEM) is a practical approach to determining the stress state of 

a model during a PDM  analysis. The FEM  method can be used to determine the stress 

state o f models with complex geometries and laminate orientations with relative ease. In 

addition, the FEM  and PDM  method can be integrated into a single analysis. Several 

commercial FEM  software packages allow direct integration o f the PDM  method.

In a FEM /PDM  model, a load is incrementally applied to the structure and the stress 

states are checked at each material point or element before each load increment. I f  a 

failure mode is predicted at a material point, the material’s elastic properties are reduced 

at that point. In this way, damage progression is determined explicitly. The finite element 

method may be implicit or explicit. Figure 1.1 shows a typical flow chart for a 

PDM /FEM  analysis.
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Figure 1.1. Progressive damage method flow chart 

1.2.2 Damage criteria

Unidirectional composites are highly orthotropic and many approaches have been 

developed to predict the failure strength o f multidirectional laminates [1, 2, 5]. The large 

disparity between the fiber properties and matrix properties makes damage prediction 

difficult to define compared to metals and other isotropic materials. It is well known that 

inplane fiber composites exhibit three basic failure modes: matrix cracking, fiber 

breakage and fiber-matrix shear. Additional failure modes have also been recognized.

Damage prediction in fiber composites can be categorized into three basic methodologies. 

The three methods include [1]:

1. Ultimate stress or ultimate strain

2. Interactive

3. Separate mode criteria
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W ith the ultimate stress or ultimate strain methods, a material point is evaluated by 

isolating one stress orientation and checking for failure based on the maximum stress or 

maximum strain capacity o f the material respectively. Interactive methods combine all of 

the stress components into a single equation to predict failure. The separate mode 

criterion uses individual equations for each failure mode. The equations may be partially 

interactive or similar to the ultimate stress criteria depending on the failure mode. For 

example, to predict failure in a small element o f a unidirectional composite material 

subject to a multi-axial stress state, the element can be checked against a set o f predictive 

equations. If  one or more o f the equations exceed a pre-determined failure threshold, it is 

assumed that the element o f material has failed.

Damage prediction methods have been reviewed by various authors [1, 5-7]. Sun et al [1] 

recommended that separate mode failure criteria be used to predict damage in composite 

materials with a high fiber packing density due to deficiencies o f other methods at 

specific stress states. Considering the aforementioned and recognizing that the 

progressive damage method benefits from separate mode damage criteria to define 

between failure modes, it was chosen limit literature to review to separate mode failure 

prediction methods and the progressive damage method.

It is necessary during a PDM  analysis that uses comprehensive damage criteria to 

determine the mode o f failure based on which separate mode equation(s) exceed the 

failure threshold. I f  a fiber material experiences matrix cracking, the materials shear and 

matrix stiffness will reduce, but the fiber may still support load in tension. In this way, 

the damage criteria can be coupled with a set o f mode dependent degradation rules.

Hashin [8] introduced an independent failure criteria to predict failure modes in 

composites that has since been implemented and improved by many authors. Hashin 

recognized that dissimilar phases in fiber composites resulted in unique failure modes 

could not be comprehensively defined with a single equation, and failure modes must be 

related to indirect stress states (partially interactive). Several authors have successfully
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used the Hashin like criteria to predict failure in pin jo in t models [4, 9-12]. Hashin 

criteria assumes several failure modes exist in a unidirectional laminate, each having a 

predictive equation based on the micromechanical interaction between the fiber and 

matrix. The criteria has a quadratic formulation that was derived from empirical studies 

and a general understanding o f micromechanical theory. The criteria is an approximation 

and has been subject to many modifications by researchers who desire to improve the 

criteria for specific load cases. One weakness o f the Hashin criteria is sensitivity to shear 

damage [12].

1.2.3 Degradation rules

After one or several o f the above damage criteria has been reached in a PDM  analysis, 

the elastic properties o f the damaged material must be modified to reflect the damage 

mode. This is accomplished by reducing the stiffness and Poisson’s ratio o f the material 

in select directions. Several damage response theories have been proposed by authors 

who have used the PDM  method. The most common include derivatives o f degradation 

rules proposed by Chang et al [13] and Tan [14]. The degradation rules proposed by 

Chang et al assumed nearly complete reduction o f specific material properties when a 

failure criterion is reached (Table 1.1). The Chang degradation rules were extended to 

three dimensions by Tserpes et al [4, 12]. Tan proposed more conservative degradation 

rules after the onset o f failure (Table 1.2). Camanho and M atthews [10] extended the 

criteria presented by Tan to three dimensions.

Table 1.1. Chang degradation rules

Fiber tension E11 =  v12 =  0

Fiber compression E11 = v 12 =  0

Matrix tension E%2 =  Gj}2 = v 12 =  0

Matrix compression E22 =  Gj}2 = v 12 =  0
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Table 1.2. Tan degradation rules

Fiber tension 

M atrix tension

1.3 FRP bolted joint

Bolted or pin joints are often used to secure composite panels to dissimilar materials. A 

structural panel secured with bolted joints will have high stress concentrations occurring

or double shear configuration. The single shear configuration is recognized in industry as 

a “lap” joint. The double shear configuration has the greatest degree o f loading symmetry 

and limits out o f plane stresses. M uch o f the research that has been completed on 

mechanically fastened joints has been concerned with the experimental determination o f 

the influence o f geometric factors on jo int strength [5].

The progressive damage method is well suited to evaluate the strength and damage 

characteristics o f bolted joints and laminates with open holes. Several authors have used 

the PDM  method in combination with two dimensional FEM. Tan [14] used a 

combination o f interactive and ultimate stress failure criteria to predict damage around an 

open hole and developed a set o f failure rules that have been frequently adopted by later 

works. Kim et al [15] developed a similar model with Hashin failure criteria and 

developed unique degradation rules. Lessard and Shokrieh [16] developed a two 

dimensional FEM  model with that assumed five failure modes: matrix tension, matrix 

compression, fiber tension, fiber compress and fiber-matrix shear out. The failure criteria 

was Hashin based and each failure criterion had an associated degradation rule. M.-L. 

Dano et al [11] developed a two dimensional pin jo int model and introduced a mixed 

failure criterion that combined the Hashin criterion and the maximum stress criterion. 

Dano compared his own failure rules with those introduced by Lessard and Shokrieh [16] 

and Kim et al [15]. In a later publication, Dano et al [9] performed a similar comparative

around the bearing surfaces o f the laminate. A bolted jo int may have either a single shear
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analysis using various combinations o f mixed failure criterion and ultimate stress 

criterion in combination with degradation rules developed by Tan [14] and 

Chang et al [13].

The progressive damage method can be improved by using three dimensional finite 

element models. Out o f plane stress components predicted by a three dimensional model 

can be input into predictive equations. Out o f plane stresses can have a large magnitude 

near the free edges o f a composite plate where stress singularities occur [17]. Nguyen 

[18] developed a 3D FEM  model to predict failure around a plate under tension with an 

open hole. Nguyen used a two dimensional thermodynamic based failure criteria 

developed by Thionnet and Renard [19] that was extended to three dimensions.

Camanho and M atthews [10] developed a three dimensional pin jo in t FEM  failure model 

using three-dimensional Hashin [8] criteria to predict failure onset combined with 

degradation rules developed by Tan [14] and extended to three dimensions. A 

comprehensive verification study o f this model was completed using experimental data. 

The model by Camanho and M atthews showed good correlation with the experimental 

data for tension, bearing and shear failure modes. Shokrieh and Lessard [20] developed a 

3D jo int PDM  model that included fatigue effects. Hashin-like criteria was used, but the 

material properties were functions o f cycle count and stress states. Tserpes et al [4, 12] 

developed a 3D bolted jo int PDM  model that used Hashin-like failure criteria and 

compared results from using Tan-Camanho [10, 14] versus Chang et al [13] damage 

rules. The model was constructed to describe a realistic bolted lap (single shear) joint.

The offset load in a lap jo in t causes additional out-of-plane stresses that may contribute to 

failure.

1.4 Thermal strain

Unidirectional composite materials exhibit orthotropic thermal strains as the fiber thermal 

expansion coefficient is typically much smaller that o f the matrix material. For 

unidirectional materials, the thermal strain coefficient in the fiber direction may be one
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order o f magnitude less than in the transverse direction. It is common for carbon fibers to 

have an extremely small or negative expansion coefficient along the fiber axis [2, 3]. This 

results in internal stress at the macroscopic (ply) level when a laminate with multiple 

material orientations is subject to temperature change. Internal stresses can be observed at 

a microscopic (fiber) level due to differences in the fiber and matrix expansion 

coefficients, but assuming “ smeared” materials properties at the macroscopic level is a 

more practical approach since material properties can be easily evaluated at a 

macroscopic level [3]. It should be noted that a similar expansion effect is observed when 

a material swells after prolonged contact with liquid. A model that allows temperature 

dependency could also be used to model materials that absorb liquids if  the expansion 

rates are known [2].

The elastic response o f thermoplastic materials is also temperature dependent. For 

accurate prediction o f failure strength at environmental extremes, it is necessary to 

include temperature dependent materials properties in the analysis.

A key factor in determining thermal stress is determining the m aterial’s stress-free 

temperature. The stress-free or relaxation temperature (TR) can be quite high since the 

cross linking reaction in a thermoset matrix occurs near the glass transition temperature 

o f the cured matrix (50-320C) [3]. The difference between the stress-free temperature 

and the ambient temperature provides the thermal strain potential. The relaxation 

temperature is largely influenced by the curing temperature. The residual curing stress is 

known to weaken carbon-fiber laminates [21]. Strains are also generated from chemical 

curing shrinkage o f the polymer matrix. Additionally, aging o f the matrix may shift the 

relaxation temperature as curing stresses relax due to creep [22].

It is a usual practice in aircraft design to used design allowables from elevated 

temperature and w et environment (ETW) data sets since FRPs are weakest at high 

temperatures and high moisture saturation [23, 24]. However, it is worthwhile to consider 

material damage responses at low temperatures where interlaminar thermal stresses are
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expected to be the highest. A laminate at low temperatures may experience premature 

transverse matrix cracking as a result o f interlaminar thermal stress. Transverse matrix 

cracking may not greatly reduce the fiber performance, but will reduce the transverse and 

shear stiffness. Cracking also places the material at a greater environmental risk since 

voids can lead to further cracking due to volumetric expansion o f freezing moisture [25, 

26].

A significant effort has been given to empirical studies o f thermal degradation of 

composites [25-27]. For aerospace and civil applications, attention has been given to 

empirically determine the damaging effects o f cyclical thermal loading o f composites 

bonded to a homogenous substrate such as aluminum and concrete [25, 28, 29]. Using the 

finite element method, studies have been completed to determine the micromechanical 

behavior o f composites under thermal stress [3, 30]. Schuecker et al [31] used the Puck 

[32, 33] criterion to determine the failure risk o f thermal strains in a 3D FEM  analysis. 

W alker studied the thermal stress around a mechanical jo in t in a carbon fiber laminate 

using FEM  methods [34]. W alker did not perform a progressive damage analysis, but 

concluded that significant thermal stress can be generated around a pin jo in t at low 

temperatures.

1.4.1 Thermal strain example problem

Consider the following example o f a two-ply 0-90 degree carbon-fiber/thermoset 

laminate modeled as a 2D planar feature. A reasonable stress-free temperature for a 

thermoset laminate is 50C and the service temperature may be as low as -50C. The 

resultant temperature change o f -100C is substantially large. Typical elastic properties of 

carbon fiber-thermosets may assumed as E1 =  155GPa in the fiber direction, E2 =

12.1 GPa in the transverse direction, u12 =  .248 and a 2 =  24 X 10_6C_1 [3]. Thermal 

expansion can be ignored in the fiber direction as this is typically a proportionally small 

positive or negative value compared to the transverse thermal expansion coefficient [3].



10

A typical transverse tensile strength o f a unidirectional ply is 70MPa. The compliance 

matrix o f a single two dimensional laminate ply can be represented as

£l
e2 - A T a 2 

Yl 2

1 V
0

K ~E~2
V 1

0
E l

0 0
1

^ 12-

0-1

02
t 1 2 .

(1 1 )

Under the absence o f external load, £t = £ 2 and at = —a2 due to symmetry o f the 

laminate resulting in the following transverse (matrix) stress formula

-A T a7

[e 1 + E2] ^1 Vl2^
(1.2)

Inputting the above listed material properties into (1.2) with a temperature change of 

— 100C results in a matrix tensile stress o f o2 =  21.6 M Pa or 30.8 % o f the matrix tensile 

strength.

It should be recognized that a simple two dimensional stress formulation is not adequate 

to determine stress singularities near the boundaries o f a laminate, but this example does 

demonstrate the importance o f including thermal stress in an analysis.

1.5 Motivation, objectives & structure of thesis

Significant effort has been given toward applying the progressive damage method to 

predict failure in composite structures. However, the progressive damage method has not 

been used to evaluate the damage in laminates that are subject to extreme service 

temperatures. The service temperature for a composite laminate used for aircraft and 

spacecraft structural components may range from -127C to 350C [34]. Modeling damage 

at temperature extremes is a practical design approach because it provides a detailed
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approximation o f damage propagation that would be very difficult to determine 

experimentally.

The objective o f this thesis is to use proven damage prediction methods to evaluate 

damage propagation and strength in a carbon-fiber laminate over the useful service 

temperature range indicated by the manufacture (-55C to 82C) [23]. The industry name 

o f the selected material is FiberCote T700/E765 24K. A double shear bearing jo in t model 

under quasi-static load was selected as a base model for evaluating damage at various 

temperatures.

In the following chapters, a material model will be introduced that describes the stress 

analysis method, damage criteria, and degradation rules in detail. A simple two 

dimensional progressive damage model will be introduced to verify the progressive 

damage method in the commercial finite element software Abaqus. A number of 

parametric studies were performed using a temperature independent three dimensional 

bearing jo in t model to improve the configuration and boundary conditions o f the 

temperature dependant models. As indicated above, the relaxation temperature has a large 

influence on thermal stress carried by the material. Since the relaxation temperature is 

difficult to define, the influence o f thermal stress was evaluated as parametric studies 

where the relaxation temperature was varied over a large range. Damage propagation at 

various service temperatures and relaxation temperatures was evaluated by observing 

failure modes in the FEM/PDM  model.
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Chapter 2 Material model

2.1 Linear elastic stress-strain characteristics of fiber reinforced material

Fiber composites are orthotropic materials that have a stress-strain relationship o f the 

form [2, 3]

-£i r
£22
£33
7  12
y  13
-723-

^12
^13

0
0
0

°12
^22
^23

0
0
0

°13
^23
^33

0
0
0

0
0
0

s44
0
0

0
0
0
0

^55
0

0
0
0
0
0

^66J

“ 11
° 2 2

°33
°12

°13
°23

(2.1)

The material properties o f composites cannot be readily determined in the through

thickness direction without extensive testing and it is often convenient to assume 

transverse isotropy. The elastic properties o f a fiber composite that is transversely 

isotropic are the same on any plane parallel to the fiber direction. This assumption is 

valid for most fiber composites since the fibers should have an even packing density in 

all directions through the thickness o f the material. Assuming transverse isotropy 

simplifies the compliance matrix to have only five independent variables allowing the 

stress-strain relationship to take the form [3]

■£11'
£22
£33
7 l2
7 l3
-723-

^12
^12

0
0
0

“ 12
^22
^23

0
0
0

“ 12

^23
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0
0
0

0
0
0

s44
0
0

0
0
0
0

s44
0

0
0
0
0
0
6̂6J

^11
° 2 2

°33
°12

^13
°23J

(2.2)

where
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5n = '
-11

S 22 —
-22

$12 _
/12

-H
^23 _

v22
-22

(2.3)

n 1 n 1 2 ( 1 + v23)
J44 — r  066 — r  ~  F

u 12 U23 C22

The transverse isotropy assumption has substantial benefit for designers who may only 

have access to planar materials data. The only remaining unknown parameter is v 23 

or G23. The Poisson’s ratio on the transverse plane can be estimated from looking at data 

from similar materials or by using the finite element method at the microscopic level [3]. 

Transverse isotropy will be assumed for the following progressive damage models. As 

damage accumulates within the model the properties may be adjusted at the loss of 

transverse isotropy.

Thermal strains are introduced by subtracting thermal strains from the total strains

'£11 — ATa-p "̂ 11 ^12 ^12 0 0 0 -Oll-
£22 - A T a 2 ^12 ^22 ^23 0 0 0 °22
£33 — ATa3 ^12 ^23 ^33 0 0 0 °33

fl2 0 0 0 s 44 0 0 °12
y  13 0 0 0 0 ^55 0 °13

- 723 . 0 0 0 0 0 ^66- -°23-

This equation can be simplified by assuming thermal strains are transversely isotropic 

and by evaluating the physical characteristics o f carbon fibers. Carbon fibers are known 

to have a very small positive or negative thermal expansion coefficient along the length 

o f the fiber [3]. Since the stiffness o f a carbon fiber laminate in the fiber direction is 

dominated by the fiber material, this phenomenon is also characterized in the laminate 

form. From this, it is reasonable to ignore the thermal expansion coefficient in the fiber
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direction (direction 1). This leads to the final linear elastic stress-strain equation that will 

be used in this analysis:

- A T  i

£ 22 A T a 2

£ 33 A T a 2

Yl2

Yl3

Y23

^12
^12

0
0
0

J 12
^22
^23

0
0
0

J 12
^23
^22

0
0
0

0
0
0

?44
0
0

0
0
0
0

s 44
0

0
0
0
0
0

^66J

^11
° 2 2

°33

°12
°13

° 2 3 J

(2.5)

where

AT =  TA m b (2.6)

2.2 Damage criteria

Damage criteria similar to that developed by Hashin [8]was used for the following 

models. Several authors have successfully used the Hashin like criterion to predict failure 

in pin jo int models [4, 9-12]. Hashin criterion is based on the theory that several failure 

modes exist in a unidirectional laminate, each having a predictive equation based on the 

micromechanical interaction between the fiber and matrix. The criterion has a quadratic 

formulation that was derived from empirical studies and a general understanding of 

micromechanical theory. The criterion is at best an approximation and has been subject to 

many modifications by researchers who desire to improve the criteria for certain load 

cases. The method was derived assuming transversely isotropic material properties. A 

significant benefit gained by using Hashin criterion is that this method shows good 

results when the shear strength and stiffness is known for only the planar directions by 

taking advantage o f transverse isotropy. It is impractical to assume that a full three 

dimensional materials data set will be available to a designer.
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A summary o f the failure criteria is shown below [8, 10]: 

Fiber tensile fracture

XT J
2 1 

+  7^ (CT12 + CT13) =  1+ 1 (2.7)

Fiber compressive fracture

^ ) ' - i
(2.8)

M atrix tensile or shear cracking

(°22 + ° 33)2 , ° 1 2  ^ a 13 ^ a 23 ~ a 2 2 a 33

Y 2
=  1 (2.9)

M atrix compressive or shear cracking

2Sr
- 1 (a11 + a33) + ■(°11 + ° 33)

4SC2

2 2 2 
. °12 +  °13 +  °23 ~ a 2 2 ° 3 3  _ i  
I „ n -L

(2.10)

2.3 Material Damage Response

After one or several o f the above damage criteria has been reached in a PDM  analysis, 

the elastic properties of the damaged material must be modified using a set of degradation 

rules. This is accomplished by reducing select stiffness values in the material. Several 

damage response theories have been proposed by authors who have used the PDM 

method.
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The damage rules developed by Chang and Chang [13] and extended to three dimensions 

by Tserpes et al [4, 12] assume a complete and brittle fracture at a material point. For 

example, a fiber fracture is assumed to indicate complete failure o f the material’s tensile 

and shear stiffness and matrix failure leads to a full reduction of shear and transverse 

tensile stiffness. This method seems viable for damage regions that have large 

macroscopic cracks, but is idealistic for small damage regions. In most industrial 

applications, such as the aviation industry, do not allow the formation of large damage 

regions or cracks. A structural material may be considered as having failed after only 

small macroscopic cracks form. For these reasons, it was proposed to use the three 

dimensional Tan-Camanho degradation rules [10]. This set o f rules reduces the material 

properties in a more conservative fashion that reflects damage from microscopic 

cracking. Additionally, the Tan-Camanho criteria showed improved performance against 

Chang-Tserpes criteria when evaluated using a parametric study (section 5.2.1).

Tan proposed using the internal state variables D jand D f  to define reductions in the 

linear elastic response. Depending on predicted damage, one or more internal state 

variables may be modified [14]. The Poisson’s ratio may be adjusted to prevent 

numerical errors in calculations.

2.3.1 Fiber Tensile Failure

Damage due to fiber tensile failure was shown by Tan in the form

Ffi = D1E11 (2.11)

where f^w as varied from 0.01 to 0.1. Good results were achieved by Camanho et al 

when D-̂  =  .07 and this value will be used in the current model. Typically it is assumed 

with this set o f damage rules that little or no matrix degradation occurs during a fiber 

tensile failure. This assumption is questionable for carbon fiber composites with a 

thermoset or thermoplastic matrix material since the matrix material typically has a lower 

failure strain than the fiber. Transverse matrix cracking would lead to reduced shear
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properties of the matrix if the fiber failure criteria is reached. For this reason, it was 

decided to also reduce the in-plane shear strength in the event of a fiber tensile failure to

G?2 = D4G12 (2.12)

where D4 =  0.2 .

The Poisson’s ratios were also reduced to v12 =  0 and v13 =  0 to prevent the possibility 

o f an inverted net change in material volume during calculations.

2.3.2 Fiber compressive failure

Fiber compressive damage was assumed to take a similar form compared to tensile 

damage but retain additional strength. Following the work o f Camanho et al, D£ =

0.14 and D% =  0.4 were selected to generate the damage rules. As with the tensile 

damage rules, an additional function was added for inplane shear stiffness reduction.

£& = D^E11

(2.13)

g?2 = d £ g 12

The Poisson’s ratios were also reduced to v12 =  0 and v13 =  0 to prevent numerical 

errors during calculation.

2.3.3 Matrix tensile or shear failure

Tan [14]estimated the value o f the matrix tensile and/or shear internal state variables 

(stiffness reduction factors) as D j =  =  0.2 . Camanho et al [10] extended the stiffness

reduction factors to three dimensions by assuming inplane matrix cracking effected the 

shear strength in the transverse plane or D£ =  0.2 . Tan proposed that the internal state 

variable was a function o f crack density in the matrix. In this case, a constant crack 

density is assumed to be is instantly applied to an element. It is unrealistic to assume a 

constant crack density for a large damage region so it is critical that this damage model is
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applied to a limited and well defined region. M atrix tensile or shear damage was not 

expected to reduce properties in the fiber direction.

2.3.4 Matrix compressive or shear failure

M atrix compressive or shear failure is similar to matrix tensile failure, but the material is 

expected to retain additional strength. The internal state variables D% =D% =D% =  0.4 

were selected for this model based on the successful performance of the model used by 

Camanho et al. M atrix compressive or shear damage was not expected to reduce 

properties in the fiber direction.

(2.14)

(2.15)

Table 2.1. Tan-Camanho degradation rules summary

Fiber tension E =  0 .0 7 E n

Fiber compression E =  O . M ^

M atrix tension or shear E%2 =  0.2£'22, ^12 =  0.2G12, Gf3 =  0.2G23

M atrix compression or shear E®2 =  0.4E22, Gf2 =  0.4G12, Gf3 =  0.4G23
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Chapter 3 Verification of PDM model

3.1 Introduction

The PDM  method is best introduced and verified using a two dimensional model. The 

implementation of the PDM  method using the USRFLD subroutine and material 

properties data fields in Abaqus will be explained in this problem. A simple two 

dimensional analysis was completed that follows the work o f Dano et al [9, 11]. D ano’s 

two publications modeled a pinned or bolted joint in a composite plate using a two 

dimensional finite element method. His analysis primarily studied the affect o f various 

damage criteria and degradation rule on the predicted jo in t strength and displacement. 

One o f the cases Dano studied will be investigated in this model. M odified Hashin 

damage criteria will be used to predict the failure strengths o f pin joints with a 0-90 

degree composite layup using two dimensional CPS4R elements in Abaqus.

The three dimensional models discussed in later sections use similarly constructed PDM 

methods, but it is better to introduce PDM  method with a simple two dimensional model. 

Since the primary focus o f this chapter is to verify the PDM  method and the USRFLD 

subroutine, no thermal stress will be considered in this model. This model was not 

constructed to produce conclusive results.

3.2 Damage criteria and degradation rules

A simplified set o f damage criteria was used for this model that differ from those 

introduced above. The criteria was introduced as “M ixed” damage rules by Dano [11]. 

The rules are essentially a mix of Hashin and ultimate stress criteria. The criteria 

considers matrix tension, matrix compression, fiber compression and fiber tension 

damage. Similar to the criteria presented above for the three dimensional formulation, it 

was chosen not to include a fiber-matrix shear-out damage criteria and assume a linear 

shear stress-strain curve to simplify formulation o f the criteria.
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M atrix compressive damage

(3.1a)

M atrix tensile damage:

(3.1b)

Fiber compression damage:

(3.1c)

Fiber tension damage:

(3.1d)

After the damage state variables em or et exceed unity, the material properties are 

reduced using the following degradation rules based on those used by Change et al [13] 

and Dano et al [11].

Table 3.1. Chang-Dano degradation rules

3.3 USRFLD Subroutine

The USRFLD subroutine is the Abaqus program utility used to calculate damage states 

during a PDM  analysis. The USRFLD subroutine allows a user to define field variables 

(FV) at a material points as functions o f time or o f almost any o f the available material 

point quantities that can be output during an analysis [35, 36]. The USRFLD subroutine 

runs before a load increment is applied during an analysis. The Abaqus USRFLD

Fiber tension 

Fiber compression 

Matrix tension 

Matrix compression

E11 —v12 — °

E n  = v i2 =  0

^ 2 2  _  ^ 1 2  v 12 _ 0  

^ 2 2  =  ^ 1 2 = v 12 =  0
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subroutine is a user editable Fortran based subroutine where the damage criterion can be 

defined.

In this case, the stress and strain quantities are placed in the subroutine and the subroutine 

outputs field variables that correspond to a material properties data field. The subroutine 

can also output state variables that indicate the failure risk o f undamaged material. I f  one 

o f the above damage criteria exceeds unity, a value o f 1 is placed in a field variable (FV1 

or FV2) in a material properties data field using the USRFLD subroutine. In this case 

FV1  corresponds to matrix tensile or shear cracking and FV2  corresponds to fiber 

fracture. Abaqus interprets a data field using a linear interpolation technique [35].

Damage is completely brittle (field variables equal 0 or 1) so linear interpolation does not 

actually occur. Additional field variables can be added as required depending on the 

number of failure criteria. The material properties data field used in this model is shown 

below in the format used by Abaqus:

Table 3.2. Material properties data field

F n  (GPa) E22 (GPa) v 12 G12(GPa) FV 1 FV 2

147 11.7 .3 6.2 0 0

147 0 0 0 1 0

0 11.7 0 6.2 0 1

0 0 0 0 1 1

Since field variables are defined as 0 or 1, the number o f rows in the data field is a 

function o f the number o f field variables in the form N  = 2n where N  is the number of 

rows and n  is the number o f field variables.

3.4 Model description

The two dimensional and symmetrical nature of the pin joint model allowed simplifying 

the model to one half of a single plate with the pin bearing surface near one end (Figure 

3.1). The length o f the plate was sufficient to emulate an infinite plate. The failure mode
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of composite plates is largely dependent on the w/D and e/D ratio (Figure 3.2) and fiber 

orientation [5]. Tension, shear and bearing failure are the most common forms o f pin 

joint failure with bearing failure being the preferred mode since it is not generally 

catastrophic [11]. The bearing region was restrained by a frictionless ridged surface (pin) 

using an element surface to ridged surface formulation. It should be noted that this may 

differ from model produced by Dano where a friction interaction o f an unknown 

magnitude was established at the bearing surface. A x-symmetry restraint was applied to 

the symmetry line and an incremented pressure load was applied to top surface of the 

model. Element sets to define each layer were generated using the same set o f nodes. A 

material orientation was applied to each element set. First order CPS4R elements were 

selected with reduced integration.

Figure 3.1. Pin damage model with CPS4 elements
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r ig id  p in  c o m p o s i t e  p la te

Figure 3.2. Geometry of a composite plate subjected to pin loading [11].

3.5 Verification of boundary conditions

The boundary conditions were validated by solving an undamaged quasi-isotropic model 

under a static load and comparing the bearing stress along the pin bearing contact surface 

to experimental data obtained by Hyer and Liu [3]. A quasi isotropic material was 

defined using a 45/-45/90/0 degree layup from the experimental data show in Table 3.3. 

A load (P) was applied at a level that produced significant strain around the bearing 

region where unpredictable results were most likely to occur. No damage criteria was 

established during this step in the verification process. The results were normalized with
p

the average bearing stress ab =  —  The finite element results closely compared to the 

experimental results obtained by Hyer et al (Figure 3.4).

y

Figure 3.3. Lines along which the stress are computed [11]
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Figure 3.4. Normalized bearing stress along hole boundary

Table 3.3. Geometric and material properties of the 2D verification model

/ /  (nun) 2.29
ir (mm) 203
e (mm) 101
D (mm) 50.8
L  (mm) 282

E\ (GPa) 37.2
L i (GPa) 12.3
0.2 (GPa) 3.93
'12 0.3

3.6 Material point damage response

A single 2D planar (CPS4R) element was modeled in Abaqus to observe the stress-strain 

history o f a single material point when damage occurs. The element was modeled as a 

perfect square with sides o f length l. The boundary conditions are shown in Figure 3.5.
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The element was assigned the undamaged Isotropic elastic properties E  = 1.0 MPa, v = 

0.3. Nodes 1 and 2 (Figure 3.5) were displaced a total distance o f 1/100 over a normalized 

time period o f t = 0 to 1 with an increment size o f At = 0.01. At t = .5, the elastic 

modulus was given a partial reduction o f E  = 0.2 M Pa using a USRFLD subroutine and a 

field variables table.

Uy = Vt
UX = 0 I Uy = Vt

4 3
--------------------

UX = Uy = 0 Uy = 0

Figure 3.5. Single element model boundary conditions

The results show an instantaneous load drop off at t = 0.5 when the field variable, FV1, 

and corresponding elastic modulus, E, are changed the stress-strain history shifts follows 

a new linear-elastic curve (Figure 3.6). W ith this method, energy is not conserved at a 

failed material point. In a dynamic (impact) analysis, an energy conservation strategy 

may become necessary.

This study also supports using displacement controlled boundary conditions as opposed 

to load controlled boundary conditions. A similar study using load controlled boundary 

conditions would result in a large displacement when the material properties are reduced 

as opposed to a load drop off. In a larger system, only a few elements may fail during a 

load increment and the load will be supported by surrounding material. This prevents a 

rapid jump in displacement when using load control boundary conditions. Both load 

controlled and displacement controlled boundary conditions were used during the 

following studies.
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0 0.005 0.01
Strain

Figure 3.6. Single element stress-strain history 

3.7 Damage model

After it was verified that the pin joint model functioned correctly under a static load, the 

model was modified to include the damage criteria. As a general rule, the load increment 

was set at or below 1% of the expect failure strength o f the joint. Convergence studies 

were used to determine if  the mesh density was adequate. In general, a mesh density 

much higher than required was used since the computation time was very low.

The physical properties o f the model are shown in Table 3.4. A 0-90 degree two ply 

configuration was used. Layer 1 was defined with the fibers aligned with the y-axis and 

Layer 2 was defined with fibers aligned parallel to the x-axis.
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Table 3.4. Geometric and material propeties of the 2D damage model

Geometric and mechanical properties o f the pin-loaded plate

L (mm) 178
H  (mm) 3
D  (mm) 12.7
HID 5
e!D 3

£, (GPa) 147
Ei (GPa) 11.7
G,2 (GPa) 6.2
Vli 0.3
Xt (MPa) 1730
X0 (MPa) 1380
Yl (MPa) 43
Yc (MPa) 204
S  (MPa) 133

3.8 Verification results and conclusions

The results showed that the predicted strength was close the experimental strength 

determined by Hyer, MW  et al (Figure 3.7). A plot o f the field variables around the 

selected region shows the failure modes. As can be expected with most carbon fiber 

materials with a polymer matrix, the matix has a lower failure strain compared to the 

fiber material. Very little damage was sustained by the fibers in either orientation (Figure

3.8 and Figure 3.9).

The matrix damage state of the failed jo int indicates pin shear-out as the primary failure 

mode (Figure 3.10 and Figure 3.11). In areas where matrix failure occurs, the shear 

modulus was reduced to zero (following the damage rules stated above) leading to the pin 

shear-out condition.

The verification results show that the PDM  method can be used in Abaqus to observe 

damage in carbon fiber materials.
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Figure 3.7. Bearing stress vs. pin displacement history for 0-90 Layup

Figure 3.8. Layer 1 fiber damage state of failed joint
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Figure 3.9. Layer 2 fiber damage state of failed joint

Figure 3.10. Layer 1 matrix damage state of failed joint
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Figure 3.11. Layer 2 matrix damage state of failed joint
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Chapter 4 Double shear bearing joint

4.1 Geometry

A three dimensional double shear bearing model was constructed to evaluate damage at a 

range o f temperatures. A double shear bearing assembly consists o f three stacked plates 

with a single pin joint. A load is carried on the center plate that is supported by the outer 

plates. This configuration reduces out o f plane forces on the joint. A dimensional layout 

o f the laminate is shown in Figure 4.1. The exact dimensions o f the models vary between 

the studies and are specified in Table 4.1 and Table 4.2 for each configuration. A four 

ply quasi-isotropic 45/0/-45/90 layup was used for the laminate models.

,_______________________________________
i i

/fQ

—
5 —

i i.
l

M----►
e

' L  '

Figure 4.1. Double shear joint model physical dimensions

4.2 Boundary conditions

The analyses were completed in one step if no temperature effect (temperature 

independent) was included and in two steps if temperature dependency was included.

4.2.1 Temperature independent boundary conditions

Typical boundary conditions used for the three dimensional studies are shown in Figure 

4.2. A parametric study showed that a frictionless hard contact constraint could be 

assigned to the laminate to ridges surface interfaces (Section 5.2.2). An alternative
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boundary condition was also used where load “P” was replaced with an incremental 

displacement (velocity). A displacement controlled boundary condition is better for 

damage models since the stress-displacement history of a damage model may show a 

load drop off. In this case, no change in the damage model performance was observed 

since the bearing stress-strain curves o f the damage models are nearly linear (Figure 5.5).

Unlike the 2D model, it is not correct to assume a symmetry boundary condition through 

the pin axis in the x-z plane since individual plies are not symmetrical. The laminate was 

restrained in the z-direction on one side o f the laminate. This was primarily to prevent the 

laminate from warping after the temperature was adjusted.

Ridged Surface Contact 
' (Pin)

uy = 0 along A-A

uz = 0

y — - / =

I A P+— T ©1

Ridged Surface Contact 
(Washer) -----

Figure 4.2. Double shear joint model boundary conditions

4.2.2 Temperature dependant boundary conditions

For the temperature dependant model, the uz = 0, uy = 0 and ridged surface contact 

boundary conditions were applied as shown in Figure 4.2 during the first step. The total 

temperature change (AT =  TAmb — TR) was applied to the nodes and the therm o

mechanical stresses were calculated. The temperature change and static boundary 

conditions were maintained during the second step when the mechanical load or 

displacement “P ” was applied. For the temperature dependant models, a small clearance 

was maintained in the pin-bearing joint to allow for dimensional changes to the laminate 

material during the first step.
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4.3 Joint failure threshold

It is important to assign a joint failure threshold since the degradation rules used in this 

study are not adequate for a material that has completely failed. The failure threshold 

should also indicate the practical limits o f the materials strength. The ultimate strength of 

a material or jo in t is often larger than the useful design limit. For this reason, the damage 

threshold was determined using the 2% bearing strain offset strength (F2%). The 2% 

offset strength is shown to be very close to the ultimate strength o f a jo in t and provide a 

practice limit to damage progression [24, 37]. Bearing strain is defined as

%  =  §  <4 1 >

where St corresponds to the displacement between the fixtures o f the test apparatus and D  

is the bearing diameter. The strain at F 2% is shown by

£B(F2%) = £B(2%) +  ^ (4 .2)
n CM

where E CM is the cord modulus or the linear elasticity o f the jo in t before significant 

damage has occurred. The interdependency o f Sb(F2%) and F2% requires that they be 

determined by graphical observation o f the stress-strain history (Figure 4.3).
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5 10 15

Bearing Strain, %

Figure 4.3. Example of bearing stress-strain curve [37]

4.4 Material properties and dimensions

Five combinations o f materials properties and physical dimensions were constructed. The 

commercially available carbon-fiber based laminates that were included in the studies are 

Hexcel T300/914 and FiberCote T700/E765 24K.

4.4.1 Model A

Hexcel T300/914 was used to improve the model definition using parametric studies. 

Camanho et al studied a double shear bearing jo in t construction using the T300/914 

material with a fiber volume fraction o f 60% [10]. Camanho also provided test data to 

back the PDM  results. This model was considered temperature independent.
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Table 4.1. Geometric and material properties of the Hexcel T300/914 joint model

Property Model A
E 11 (GPa) 129
E22 (GPa) 9.5
E33 (GPa) 9.5
G 12 (GPa) 4.7
G13 (GPa) 4.7
G23 (GPa) 3.2
V12 0.34
v13 0.34
V23 0.52
Xt (MPa) 1439
Xc (MPa) 1318
Yt (MPa) 98
Yc (MPa) 215
Sc (MPa) 79
L (mm) 100
D (mm) 6
d (mm) 12
w (mm) 36
e (mm) 36
t (mm) 1

4.4.2 Model B, C and D

FiberCote T700/E765 was used to study damage at extreme temperatures (-55C to 82C) 

using material test data from AGATE studies [23, 24]. The prepreg material is 

constructed o f Toray T700 fibers and FiberCote E765 Resin. The test data showed the 

material to have 52-62% fiber volume and 27-37% resin content by weight. The material 

properties for model B, C & D correlate to specific ambient temperatures (TAmb). The 

AGATE studies did not include three dimensional material properties or indicate the 

thermal expansion coefficients o f the material. Using the linear elastic material model 

introduced in equation (2.5), only a 2 and v 23must be determined experimentally or 

assumed. For this study, these values were estimated by observing the material properties
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of several similar carbon-fiber/thermoset materials [3, 4, 10, 34, 38]. A large variation in 

a 2 and  v 23 was not observed between similar materials.

ANSI Standard D5961 guidelines were used for constructing the double shear bearing 

model [24, 37].

Table 4.2. Geometric and material properties of the FiberCote T700/E765 joint models [23, 37]

Property Model B (CTD) Model C (RTD) Model D (ETD)
TAmb(C) -55 20 82
E 11 (Gpa) 129 129 125
E22 (Gpa) 10.2 9.4 7.4
E33 (Gpa) 10.2 9.4 7.4
G 12 (Gpa) 4.4 4.5 3.7
G 13 (Gpa) 4.4 4.5 3.7
G23 (Gpa) 3.5 3.2 2.6

V12 0.36 0.32 0.29
V13 0.36 0.32 0.29
V23 0.46 0.46 0.46
CLi (C_1) 0 0 0

a 2 (C_1) 24 x  10_6 24 x  10_6 24 x  10_6

«3 (C- 1) 24 x  10_6 24 x  10_6 24 x  10_6
XT (Mpa) 2550 2550 2400
Xc (Mpa) 1450 1240 1220
Yt (Mpa) 47.0 42.2 35.6
Yc (Mpa) 281 200 162
Sc (Mpa) 177 138 108
L (mm) 100 100 100
D (mm) 6 6 6
DP (m m ) 5.96 5.96 5.96
(Pin diameter)

d (mm) 13 13 13
w  (mm) 36 36 36
e (mm) 18 18 18
t (mm) 1 1 1

Since it is unclear how to define the relaxation temperature, it was decided to perform a 

parametric study to evaluate Model B, C and D over a range o f possible relaxation 

temperatures. The cure temperature for the T700/E765 material was approximately 135C.
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Realizing that some relaxation can be expected during the cooling process, 100C was 

given as an upper limit for the relaxation temperature. Room temperature (20C) is the 

logical lower limit for the relaxation temperature. The 2% offset strength o f the models 

were evaluated at TR = 20, 60 and 100C.

4.4.3 Model E

The elastic and geometric properties presented for Model E were used for a purely elastic 

analysis o f the stress distribution around the bearing hole using experimental results 

provided by de Jong [39]. Two dimensional planer material properties were presented by 

de Jong, but a three dimensional material property set was developed by assuming 

transverse planar isotropy and by assuming v 23=0.5. The materials and geometric 

properties are shown in Table 4.3. This model differs slightly from the boundary 

condition described in Section 4.2 in that no washer was used and a friction coefficient 

was introduced as a parametric study. A parametric study was also performed for this 

model to compare 3-ply [60/-60/0] vs 4-ply [45/0/-45/90] quasi-isotropic stress 

distributions.

Table 4.3. Elastic and geometric properties of Model E

E n (GPa) 145
E22 (GPa) 7
E33 (GPa) 7
G12 (GPa) 3.5
G13 (GPa) 3.5
G23 (GPa) 2.5
V12 .34
V13 .34
V23 .5
t/D 0.1
e/D 3
w/D 5
L/D 10



38

4.5 Finite element details

First order C3D8R stress/displacement continuum elements were selected to model the 

laminate. First order elements are preferred over second order elements when modeling 

problems that have large nonlinearities such as complex contact problems [35]. An finite 

element method was used to allow convergence independent o f the load increment size.

One element thickness per ply was defined for the following models. The element size 

was directly dependant on the m odel’s physical dimensions since it is ideal to maintain an 

element aspect ratio near unity when using first order elements. Large angular distortions 

and high aspect ratios were avoided where damage was expected to occur around the 

bearing surface. Elements near the bearing surface were sized to have an aspect ratio 

between 1 and 2. Since laminate plies are relatively thin, this leads to a relatively high 

element density. For this reason, no additional refinements o f the element dimensions 

were considered. Figure 4.4 and

Figure 4.5 show the mesh used for a typical model.

Considering that linear elements are used, this can lead to less accuracy in the results 

obtained in regions with larger aspect ratios due to the over stiffness associated with high 

distortions. To reduce over-stiffness in distorted elements, reduced integration was used 

[35].

A node to surface based contact formulation was used in Abaqus. Test runs showed that 

an element based surfaced caused unexpected element deformation near the contact 

surface constraint. A hard contact constraint was defined between the pin and laminate
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surface and the washer and laminate surface. A “finite sliding” contact formulation was 

selected to allow large movement along the surface [35].

Figure 4.4. Typical element mesh near the hole boundary

Figure 4.5. Meshed laminate
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4.6 Finite element solver details 

Table 4.4. Finite element solver details

FEM  Software Abaqus 6.9 Standard (Implicit differentiation)

Operating System GNU/Linux, Fedora Core

Processor Type Dual Core AMD Opteron(tm) Processor 280

Number o f Processors 4

CPU Speed 2400 MHz

Memory 8 GB

Approximate Job Time 30 minutes
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Chapter 5 Results

5.1 Load-displacement simulation results

To show that the bearing jo in t damage model can produce a reasonable load- 

displacement history, a damage model was constructed and compared to experimental 

and simulation results from Camanho et al [10]. The material and physical properties are 

defined by Model A (Table 4.1).

The FEM  analysis showed good results compared to the experimental data and FEM 

model presented by Camanho et al. The results o f the study are shown in Figure 5.1. The 

jo in t displacement measurement shown in Figure 5.1 assumes equal displacement on both 

sides o f the jo in t or double the displacement measured on a single piece FEM  model.

The experimental results are shown only up to the first load drop-off and the FEM  results 

are not given past that point. Since the material model does not allow for significant 

macroscopic cracking, it should not be assumed that the model could predict correct 

results after the first load drop-off. The experimentally determined load-displacement 

curve flattens after the first drop-off. According to the experimental results, the joint 

experienced catastrophic failure at 9.8kN with a large jo in t displacement of 

approximately 1 .8mm [10].
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Joint Displacement (mm)

Figure 5.1. T300/914 pin joint load-displacement history 

5.2 Parametric studies

5.2.1 Chang-Tserpes vs. Tan-Camanho damage criteria

A parametric study was completed using Model A to evaluate the most suitable damage 

criteria between those presented by Chang et al [13] and Hashin [8]. The geometric 

properties o f the model are presented in Table 4.1. The Chang-Tserpes criteria were 

simplified to match the number o f damage criteria presented in the material model. Two 

models were evaluated to compare the damage criteria using a load-displacement history 

chart against experimental date presented by Camanho et al [10].

The results are shown in Figure 5.2 indicates that the Chang-Tserpes degradation rules 

over predict material degradation. The Tan-Camanho criteria showed improved results.
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Figure 5.2. Parametric study of degradation rules
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Table 5.1. Comparison of degradation rules

Failure M ode Tan -Camanho Chang-Tserpes

Fiber tension Fdc n =  0.07 E11 f dC11 — f d— c 22
— f D -— c 33 ‘= 0

r DU12 — rD— ^13 = G%3 -= 0
VD
v 12 - VD— v 13 =  v!?3 = 0

Fiber compression Fdc n =  0.14 EX1 F°C11 — f d— c 22
— pD -— c 33 ‘= 0

r DU12

II — rD .— b 23 ■= 0

VDv 12 - VD— v 13
_ VD _ 
— v 23 - 0

Matrix tension or shear Fdc 22 =  0.2 E22 f dC11

II _ VD _ 
— v 23 -= 0

r DU12 =  °-2 Gi2
r DU23 =  0-2 G23

M atrix compression or Fdc 22 =  0.4 E22 f dC11 — r D— U12 _ VD _ — v 23 -= 0
shear r DU12 =  0.4 G12

r DU23 =  0-4 G23

5.2.2 Interface friction

To simplify the model definition, it is preferred to assume a frictionless contact 

constraint. A parametric study was performed to determine if  a frictionless contact 

constraint was allowable at the pin-laminate interface using the Model E configuration. 

Purely elastic (no damage) a11 stress distribution data from around the hole was 

evaluated with the interface friction coefficients ^  =  0 and ^  =  0.2. The predicted stress 

was also compared to data from the work o f de Jong [39]. This study is similar to the 

model verification used by Tserpes et al [12] who developed a PDM  model using 3D 

Hashin damage criterion. Since the through-thickness stress varied between plies, it was 

necessary to average the stress in the z-direction at each point along the bearing radius.

The model physical dimensions were selected to match the experiment models used by 

de Jong as closely as possible. A figure provided by de Jong indirectly indicated that
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three material orientations were used to define the tested material. The bolt was assumed 

to be ridged and o f perfect fit. Unlike the damage models, no “washers” or other 

restraints were added further define the pin joint.

The results of the parametric study are shown in

Figure 5.3. The study was completed for both three and four ply quasi-isotropic laminates 

as described in section 5.2.3. As might be expected, including the tangential friction 

component reduced the maximum compressive stress and increased the maximum tensile 

stress as more of the bearing load was carried in shear. The addition of friction did not 

significantly change the results for either laminate. From this it was concluded that 

friction could be ignored in future models without greatly compromising the results.

5.2.3 Number of plies

It was indirectly indicated in de Jong’s publication that a 0/±60 layup was used to define 

a quasi-isotropic laminate. However, it was unclear if  three plies provided a sufficient
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number o f orientations to define a quasi-isotropic model. A parametric study was 

performed using Model E (Table 4.3) to show how the stress distribution changes around 

the hole boundary when three versus four plies are used. This parametric study was 

combined with the interface friction interface parametric study. Four models were 

evaluated: 3-ply (60/0/-60) , 3-ply with sliding friction, 4-ply (45/-45/0/90), and 4-ply 

with sliding friction.

Figure 5.3 shows the four FEM  models compared to de Jong. All o f the FEM  

configurations show departures from the empirical results that are not unreasonable. The 

higher tension and compression values at the 0 and 90 degree positions were best 

predicted using the 60/0/-60 layup. The 45/-45/0/90 layup best predicted compressive 

stresses.

 3-Ply, |i=0

 3-Ply, |i=0.2

A deJong

 4-Ply, |i=0

 4-Ply, |i=0.2

-1 5

Figure 5.3. Pin joint elastic parametric studies
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5.2.4 Load increment parametric study

Since the damage progression is explicit, a parametric study was completed using Model 

A (Table 4.1) to determine the best load increment size. Changes in the joint 

displacement were observed as the load increment size was varied from 6.7% to 0.42% of 

the material’s predicted failure strength using load controlled boundary conditions. All 

other parameters remained constant during the parametric study. The results o f the study 

are shown below in Figure 5.4. The displacement was determined at three load points 

(58.3, 80.3 and 100%). The joint displacement measurement shows equal displacement 

on both sides o f the jo in t or double the displacement measured on the single piece FEM  

model.

6.7% 3.3% 1.7% 0.83% 0.42%
Load Increment

Figure 5.4. Load increment parametric study

From Figure 5.4 it is clear that the jo in t displacement has very low sensitivity to the 

increment size. However, it is difficult to observe failure progression with a large 

increment size as a large number o f elements may fail simultaneously. For this reason it
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was decided to maintain the increment size at or below 2% of the jo in t’s predicted 

strength.

5.2.5 Joint strength versus relaxation temperature

Parametric study o f bearing strength vs. relaxation temperature was performed using 

models B, C and D. The results are shown in Figure 5.6 and Table 5.2. A typical load 

displacement history for the temperature dependent model is shown in Figure 5.5. 

Displacement controlled boundary condition were used for this study.

The relaxation temperature did not greatly affect the strength Model C and Model D. A 

8.3% strength reduction was shown for Model A (Figure 5.6).

Bearing Strain (%)

Figure 5.5. Model C, bearing stress-strain history, TAmb=20C, TR=20C
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Table 5.2. Geometric and material properties of the Hexcel T300/914 joint model

Model Strength reduction between
Tr = 20C and Tr = 100C

Model B (TAmb=-55C) 8.3%
Model C (TAmb=20C) 3.2%
Model D (TAmb=82C) 3.6%

Test data was available that was comparable to Model C [24] that showed that the 2% 

bearing offset strength had a reasonable error o f 2.8% at TR=20C and 0.6% at TR=100C. 

The test data showed an average strength o f F2% = 489.6 MPa.
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5.3 Damage propagation vs. relaxation temperature

Damage propagation was evaluated by comparing screenshots o f various failure modes at 

the 2% bearing strain offset strength. The relaxation temperature was adjusted as the 

ambient temperature was maintained at a constant 20C. In all cases, increasing the 

relaxation temperature greatly increase the predicted matrix tensile damage. Other failure 

modes were less affected. Tables 5.3-5.5 show images o f ply orientation vs. damage 

propagation.

It is clear that the 90 degree ply has the highest level o f matrix tensile fracturing. An 

increase in matrix tensile failure does not seem to have a large affect on the total joint 

strength as shown in Table 5.2. However, depending on the specific application o f the 

material, expansive matrix tensile damage may not be acceptable.

It is often questioned whether expansive matrix cracking actually occurs in a well 

constructed laminate. M atrix cracking can clearly be seen in a AS4-3501-6 [0/90/0] 

laminate shown in Figure 5.7 that was loaded to 95% of the failure strength. This 

concludes that matrix cracking does occur [1].
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Table 5.3. Model C, TAmb=20C, TR=20C, ply orientation vs. failure mode chart
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Table 5.4. Model C, TAmb=20C, TR=60C ply orientation vs. failure mode chart
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Table 5.5. Model C, TAmb=20C, TR=100C ply orientation vs. failure mode chart
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Figure 5.7. Matrix cracking in a [0/90/0] laminate [1]

5.4 Damage propagation vs. ambient temperature

Damage propagation in at the ambient temperatures defined in Models B, C and D was 

evaluated by comparing screenshots of various failure modes at the 2% bearing strain 

offset strength. The relaxation temperature was held constant at 60C for this comparison. 

M atrix tensile damage noticeably increased at the temperature extremes but other failure 

modes showed little change. The fiber tensile cracking is minimal in all o f the tests, but 

nearly vanished for Model D

A large increase in matrix tensile cracking did not lead to a large reduction in the total 

jo in t strength. However, expansive matrix cracking could have other detrimental effects 

such as a reduction in shear strength o f material around the joint. Cracking also may 

increase the environmental damage risk as explained in 1.4. For this reason it may be 

beneficial to designers to evaluate failure strength based on the total observed strength 

and the extent o f matrix cracking.
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Table 5.6. Model B, TAmb=-55C, TR=60C, ply orientation vs. failure mode chart
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Table 5.7. Model C, TAmb=20C, TR=60C, ply orientation vs. failure mode chart
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Table 5.8. Model D, TAmb=82C, TR=60C, ply orientation vs. failure mode chart
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Chapter 6 Conclusions

• A finite element based thermo-mechanical model has been successfully developed 

to study the degradation and failure of fiber reinforce materials at extreme 

temperatures.

• The model has been verified with a double shear pin jo in t tensile test at room 

temperature. The results are in good agreement with other experimental and 

modeling data.

• The double shear pin jo in t test was modeled at three selected ambient 

temperatures (-55, 20 and 82 °C) and three selected relaxation temperatures (20 

60 and 100 °C). The ambient temperature extremes showed a lower jo in t strength 

compared to room temperature models and jo in t strength reduces with increasing 

relaxation temperature. The 2% bearing strain offset method was used to 

determine jo int strength.

• The extent o f the matrix tensile damage has a strong temperature dependency 

compared to other failure modes. However, a large increase in matrix tensile 

damage did not lead to a significant decrease in the joint strength. Design 

allowables for composite joints may need to be based on a predefined matrix 

damage limits as well as the observed strength.
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APPENDIX A: Ply orientation vs. failure mode charts

Table A.1. Model B, TAmb=-55C, TR=20C, ply orientation vs. failure mode chart
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Table A.2. Model B, TAmb=-55C, TR=100C, ply orientation vs. failure mode chart
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Table A.3. Model D, TAmb=82C, TR=20C, ply orientation vs. failure mode chart
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Table A.4. Model D, TAmb=82C, TR=100C, ply orientation vs. failure mode chart
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APPENDIX B: USRFLD subroutine used for two dimensional verification model

SUBROUTINE
USDFLD(FIELD,STATEV,PNEW DT,DIRECT,T,CELENT,TIM E,DTIME,

1
CM NAM E,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,

2 NDI,nshr,coord,jmac,jmtyp,matlayo,laccflg)
C

INCLUDE 'ABA_PARAM.INC'
C
C M ATERIAL AND STRENGTH PARAMETERS

PARAM ETER(YT= 14.86D3,XC=392.7D3,YC=36.7D3,SC=15.5D3)
C

CHARACTER*80 CMNAME,ORNAME 
CHARACTER*3 FLGRAY(15)
DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3),T(3,3),TIME(2), 
* coord(*),jmac(*),jmtyp(*)
DIMENSION ARRAY(15),JARRAY(15)

C
C INITIALIZE FAILURE FLAGS FROM  STATEV.

EM  = STATEV(1)
EF = STATEV(2)

C
C GET STRESSES FROM  PREVIOUS INCREMENT 

CALL GETVRM('S',ARRAY,JARRAY,FLGRAY,jrcd,
$ jm ac, jm typ, matlayo, laccflg)
511 = ARRAY(1)
S22 = ARRAY(2)
512 = ARRAY(4)

C
C M ATRIX TENSILE/COMPRESSIVE FAILURE 

IF (EM LT. 1.D0) THEN 
IF (S22 LT. 0.D0) THEN 

EM  = SQRT((S22/YC)**2 + (S12/SC)**2)
ELSE

EM  = SQRT((S22/YT)**2 + (S12/SC)**2)
ENDIF
STATEV(1) = EM 

ENDIF
C
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C FIBER TENSILE/COMPRESSIVE FAILURE 
IF (EF LT. 1.D0) THEN 

IF (S11 LT. 0.D0) THEN 
EF = SQRT((S11/XC)**2 

ELSE
EF = SQRT((S11/XT)**2 

ENDIF
STATEV(2) = EF 

ENDIF
C

FIELD(1) = 0.D0 
FIELD(2) = 0.D0
IF (EM GT. 1.D0) FIELD(1) = 1.D0 
IF (EF GT. 1.D0) FIELD(2) = 1.D0 
FIELD(3) = DAM AGE

C
RETURN
END


