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Background
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• Conventional mechanical joining 

techniques such as rivets and bolts generate 

localized stress concentrations which can 

be primary sources of failure, adhesively 

bonded joints (ABJ) relieve these stress 

concentrations

• ABJ also enable greater use of composite 

materials such as carbon fiber reinforced 

polymers, as bolted connections require 

drilling and fiber removal

• Sandwich panel construction also 

offers to reduce weight of car rims

Sandwich panel application in car parts

[source: https://soar.wichita.edu/bitstream/handle/10057/5166/t11094_Donga.pdf?sequence=3]

[source: https://www.iccm-
central.org/Proceedings/ICCM18proceedings/data/2.%20Oral%20Presentation/Aug26%28Friday%29/F07%2
0Sandwich%20Materials%20and%20Structures/F07-3-AF1528.pdf ]



Motivation

• Designing with fiber reinforced polymers (FRP) requires understanding of different 
failure modes and their interaction

• Designing adhesively bonded joints (ABJ) adds more complexity to this design process

• More materials, more failure modes, more structural considerations

• Experimentation with ABJ show several major failure modes

• It is important to understand the root cause of these variations
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Manufacturing Defects

• FRP materials, as well as adhesives can be 
subject to various manufacturing defects and 
imperfections
• Voids in adhesive and adherends

• Fiber disbonding as a result of residual stress

• Offer a potential cause for failure mode variation
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(left) Interfacial damage as a 

result of thermal residual stress

(Vaughan et al. 2011)



Outline
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• Damage Modeling Methodologies

• Double Lap Joint (DLJ) with Fabric Doubler

• Inclusion of Material Defects Studies

• Discussion

• Future Work



Joint Configuration
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DGD: Modeling Intralaminar Damage

7
[image credit:nap.edu]

DGD

• Continuum damage mechanics (CDM)

• Reduce the stiffness tensor to represent the 
presence of damage

• Used to model matrix cracks 

• Benefit: no requirement to explicitly 
model the cracks or change the mesh

• Deformation gradient decomposition 
(DGD)



Adhesive and Interlaminar Damage: Cohesive Zone

• Multilinear cohesive law for adhesive

• Superposed elements in ABAQUS

• Model includes option for zero or
finite thickness elements

• Bilinear law for interlaminar damage

Leone et. al (2012)
8



Fabric Damage Model

• Models a homogeneous 

orthotropic material that can 

sustain progressive degradation 

of material stiffness.  

• Fiber and matrix damage are 

separate

• Implemented using built-In 

ABAQUS VUMAT

Fiber damage (warp and weft directions)
Fiber damage under tensile or compressive loading

Matrix damage
Matrix damage under shear loading

9Tay et. Al (2017)



Fabric Damage Model

Tay et. Al (2017)
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Core Crush: Elasto-Plastic Model

• Aluminum core elasto-plastic behavior:

McElroy et. al
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Discretely modeled honeycomb core
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FEA Model of DLJ
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DLJ – Laminate with CZM and Oriented Mesh Plies
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Intralaminar damage is enabled

Cohesive elements in between lamina

Elements without damage enabled



Damage State Comparisons; Adhesive failure
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~15 mm

• (right) Modeled 
adhesive damage state, 
as shown by the fully-
failed (red) cohesive 
elements

• (left) Experimentally 
observed cohesive 
failure in adhesive layer 
between doubler and 
facesheet (half-width of 
joint is shown)

5 mm5 mm



Damage State Comparisons: Interlaminar Damage
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• The analyses predicted significant delamination cracks in the facesheets (red)

• Experimentally observed delaminations occurred at different ply interfaces in 

different specimens



Damage State Comparisons: Honeycomb Buckling
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• Core cell wall buckling was observed in the center of the joint in the 

experiment. 

• In the computational simulation, buckling of the core cell walls was 

observed near the center of the joint (above figure). 

• The significant core cell wall buckling occurred near the end of the 

analysis, immediately at the peak load. 

5 mm5 mm



Damage State Comparisons: Fabric
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• Yellow is fabric shear damage 

(plastic strain greater than 

3.3%)

• VUMAT effectively models 

shear damage as plastic strain

• Failure not completely on the 

center, however, damage is also 

not enabled at the symmetry 

plane

• Possible that width scaling may 

be a factor as well

Fabric

elements with critical plastic 

strain

Failed 

intralaminar 

elements in 

two layers

Failed 

interlaminar

elements

5 mm
Symmetry



Double Lap Joint – Experimental Data Comparison
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• Compared to DIC data at center of 

specimen as strain gages were not 

centered, prone to edge effects

• Predicted strength of 31.5 Mpa is 

within 1.02% of average 

experimental peak load (31.0 

MPa)

• Notice strain “jump” around 3 

kips in experimental data.  It is 

believed that the gap filler 

material fails here



Outline
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• Damage Modeling Methodologies

• Double Lap Joint (DLJ) with Fabric Doubler

• Inclusion of Material Defects Studies

• Discussion

• Future Work



Inclusion of Material Defects Studies

• Matrix micro-cracking

• Adhesive porosity

• Fabric porosity is outside of 
the scope of this work
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(left) Interfacial damage as a 

result of thermal residual stress

(Vaughan et al. 2011)



Facesheet Manufacturing Variability Simulation

• Effects of residual-stress-

induced microcracking in the 

facesheet were simulated by 

initialization of matrix 

damage variable values.

• Damage was assigned in 

every strip of elements in 

which matrix damage was 

enabled.

• Seven models were run with 

the same globally distributed 

defects according to a 

Gaussian distribution 
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Damage State Comparisons: Initialized Intralaminar Damage

• Total of 7 simulations

• Damage states are analyzed for highest peak (HP) and lowest peak 

(LP) loads, and the pristine case (no initialized damage)

• Results suggest that different local defects can result in different 

peak load and damage development
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Adhesive Manufacturing Variability Simulation

• In order to simulate weakened or porous 

adhesive, two methods were used. 

➢ Uniform change in strength and 

toughness: 10% increase, 20% increase, 

10% decrease, 20% decrease

➢ Randomly selected individual elements 

of the adhesive were assigned effectively 

zero values of strength and toughness.

• Models were evaluated with 2% and 

5% pre-failed adhesive elements (as 

shown)
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Damage State Comparisons: Varying Adhesive Strength and 
Toughness

• 10% decrease in adhesive properties 
resulted in increased peak load; 

• Increases in adhesive properties resulted 
in a decreased peak load
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Damage State Comparisons: Varying Adhesive Strength and 
Toughness (Continued)

• 10% decrease in adhesive properties resulted in increased 

peak load; 

• increases in adhesive properties resulted in a decreased peak 

load

• 20% KD vs. Pristine: very similar strength, very different 

damage states
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Damage State Comparisons: Simulated Porosity

• 2% and 5% pre-failed adhesive elements showed 5.5% and 

6.6% increase from the peak load seen in the pristine 

model.

• Damage initiation begins in the adhesive at ~25 MPa

• Interlaminar and Intralaminar damage grow together and 

initiate at ~30 MPa and grow exponentially to the peak 

stress

• Fabric damage occurs very quickly at the peak load
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Simulated 6% Porosity
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• The experimentally measured porosity 

of the adhesive was 6%

• The analyses which reached higher 

peak loads had less delamination 

damage than the analyses which failed 

at lower peak loads
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Simulated 6% Porosity with Facesheet Defects
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• The analyses which reached higher peak 

loads had less facesheet damage than the 

analyses which failed at lower peak 

loads

• This is true for each of the five 

analyses with combined defects
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6% Porosity and Mixed Defect Models Continued
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• In most cases (cases 1-3 in 

Figure above), a minor 

decrease in peak load 

compared to the case without 

initialized matrix damage was 

found

• When matrix damage was 

initialized in the 6% uniform 

adhesive property decrease 

case, the strength decreased 

by 0.8 MPa



6% Porosity and Mixed Defect Models Continued
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• The levels of adhesive porosity 

within subsections of the adhesive 

damage process zone, near the 

joint center, were evaluated

• As shown from the results, the 

peak load associated with the 

porosity state did not correlate 

with the minor differences in the 

levels of porosity near the center 

line



Outline
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• Damage Modeling Methodologies

• Double Lap Joint (DLJ) with Fabric Doubler

• Inclusion of Material Defects Studies

• Discussion

• Future Work



Conclusions

• Delaying facesheet damage by allowing energy to dissipate (damage to develop) in other 

joint components (adhesive, fabric doubler) earlier in the analysis in many cases led to an 

increased joint strength

• Porosity analyses showed link between the level of interlaminar damage, fabric 

elements with high plastic strain, and peak load

• Experimentally, higher loads corresponded to net section failure, while weaker 

samples failed through facesheet laminate delamination

• Results of simulation with uniform knockdown or increase in the adhesive strength and 

toughness showed that adhesive joint strength depends non-linearly on the adhesive 

mechanical properties

• Also showed that changing adhesive properties affected damage development and 

levels in all joint components
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Conclusions

• Inclusion of material defects in the model demonstrated that material defects and local 

variability in the properties can explain the stochastic strength distribution in ABJ, while 

offering insight into the underlying damage mechanisms which led to the associated 

major structural failure mode.

• Strengths with initialized matrix damage: 0.72% CoV

• Strength 6% porosity analyses: 2.9% CoV

• Combined defects: 3% strength CoV

• Experimentally observed strength: 6.9% CoV

• Stable damage growth in the structure can result in increased strength

• Planned failure process can allow higher strength of joint
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Limitations and Future Work

• Limitation: lack of experimental observations for defect distributions and 
their corresponding relationship to model inputs and/or validated modeling 
approaches

• Model quarter symmetry was a limitation, modeling the full joint would 
allow prediction of mixed failure mode

• Fabric porosity existed but was not simulated
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