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2 SUMMARY 
 

Multiscale simulation strategy for composites can drive more efficient and safer structural parts 

in airplanes and cars. Because of the complex damage behavior of composites materials, the 

numerical models must be validated against experimental data. To improve the numerical and 

experimental approaches of the fracture mechanics in composites, the teams at AFRL and 

IMDEA MATERIALS have started to walk together sharing their knowledge and experience in the 

field. The experimental methodologies developed to study the interface between fiber and 

matrix developed during the second year of the project was completed and deeply analyzed 

performing a great number of experiments, assisted by the numerical part to confirm and help 

top obtaining the right behavior of the interface. The research lines that the task of the project 

have brought to light, despite COVID-19 situation were analyzed carefully and the obtained 

results are reported with all the benefits for the understanding of the fractures mechanism and 

the interface properties at micro-level. This last extension report contains the main results 

obtained in a new experimental campaign devoted to characterizing the interface strength and 

toughness of UD structural composites. 
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3 INTRODUCTION 
 

In contemporary engineering, fiber-reinforced composite materials with polymer matrices find 

widespread use in structural components for airplanes and cars. However, the certification of 

these structural parts often involves overestimated safety factors due to the intricate fracture 

behavior exhibited by these composite materials. Addressing the economic challenges 

associated with design and certification, there is a need for advanced fracture mechanical 

models [1,2]. These models not only enhance the understanding of damage behavior but also 

provide a cost-effective alternative to expensive experimental tests by utilizing virtual 

simulations for certification purposes. 

Various approaches exist for modeling the fracture mechanics of composites, each with its 

advantages and disadvantages. Notably, research teams at AFRL and IMDEA MATERIALS employ 

distinct fracture models and methodologies [3,4]. The primary objective of the project is to 

foster collaboration and knowledge exchange in both experimental and computational 

micromechanics. The aim is to enhance both approaches by integrating their best features. To 

facilitate this collaboration, six work packages have been defined, each corresponding to specific 

collaboration topics. Table 1 outlines the work packages and their respective tasks. 

Table 1. Work packages of the project with their tasks. 

 

Over the past year, the work conducted within WP6 has delved deeper into achieving a 

harmonious balance between the fracture process of the pillar and the plastic behavior of the 

matrix. Various case studies involving different materials parameters are presented to 

demonstrate the modifications made to achieve optimal alignment between experiments and 

models. 

 

Work package Tasks

Model of single-fiber cruciform test (CDM)
X-ray and synchrotron imaging single-fiber cruciform test
New setup single-fiber test, carbon fiber

Implementation of long term microstructural features in RVE, fiber clustering 
MicroRVE simulations with long term microstructural features
Statistical information from digitized micrographs

Validation of microRVE with microDIC (SEM)
Simulation crack propagation through ply using RX-FEM
Transfer model geometries between AFRL and IMDEA

Transfer model inputs between CDM-IMDEA and DDM-AFRL
Micro-meso homogenization crack propagation (cohesive law)
Experimental setup 3-point-bending test

Experimental setup Brazilian test
Model of 3-point-bending test, embedded microstructure
Model of Brazilian test, embedded microstructure

Experimental setup ENF test
Nano-XCT scan of micro machined pillars
Preparation of micro machined pillars

Post-process of micro XCT scans from pillars
Setup and experimental compression of micro machined pillars
Model of micro machined pillar

WP1 - Characterization of missing properties

WP2 - Increasing realism in microstructural 

modelling

WP3 - Cross-validation and cross-enhancement 

of damage propagation approaches

WP4 - Development of experimental procedures 

for crack propagation assessment

WP5 - Microstructural quantification

WP6 - Validation of the computational 

approaches
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The micromechanical tests undertaken in recent years to obtain missing properties in the 

microlevel characterization of a composite (WP1) focused on the application of cantilever tests 

to deduce interface properties between fibers and the matrix. The optimization of micro-

cantilever tests involved the utilization of the Focus Ion Beam to fabricate specimens 

subsequently subjected to testing. 

This experimental work was complemented by simulations, aiming to fine-tune both material 

and interface models to ensure a robust alignment with the experimental curves. 

 

Figure 1. Geometrical schematization of microcantilever MODE I and MODE II 

 

The last step was the generalization of the developed model, trying to extrapolate an analytical 

law able to predict the fracture energy without the use of the FEM models, but only using some 

experiments to be sure of the geometrical dimension of the specimens. 

Finally, it is noteworthy that regular meetings between IMDEA MATERIALS and AFRL were useful 

in order to share experimental and numerical results. 
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4 METHODS, ASSUMPTIONS AND 

PROCEDURES 
 

Over the past year, two key initiatives were pursued:  

1. Micro-Pillar Experiment Finite Element Models: 

• Methods: Developed detailed finite element models replicating fracture and 

deformation in micro-pillar experiments. 

• Results: Successfully mimicked experimental fracture patterns and validated 

against actual data. 

2. Cantilever for Micro-Mechanical Characterization: 

• Methods: Created a numerical model for a cantilever, focusing on micro-

mechanical characterization of interface strength and fracture energy. 

• Results: Provided insights into interface strength, quantified fracture energy, 

and conducted sensitivity analyses. 

In summary, these efforts enhance our understanding of material behavior at the micro-scale, 

achieved through advanced simulations and focused mechanical characterization. 

Reproduction with Finite Element Model of deformation and Fracture evolution of Micropillar 

IMDEA MATERIALS developed a comprehensive numerical model in Abaqus software to 

replicate the micro-pillar compression tests conducted by AFRL. The model encompasses the full 

experimental setup and utilizes data extracted from SEM microscope experiments to define its 

geometry. To accurately capture the experimental conditions, variations in fiber radius and the 

positioning of fibers were incorporated, ensuring alignment with the experimental setup, as 

illustrated in Figure 2. The design of the model considered the inherent variability in the radius 

of fibers and their placement, closely mirroring the experimental conditions. 

  

Figure 2. Developed Model of Micropillar 
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As previously specified, the fibers exhibit transversely isotropic elastic behavior, while the matrix 

is characterized by an isotropic elastoplastic model coupled with continuum damage behavior, 

incorporating plasticity in both compressive and tensile loading scenarios [5]. 

For the fiber-matrix interface, a cohesive law was employed, specifically a linear traction-

separation law utilizing the Benzeggagh-Kenane mixed-mode model. A quadratic failure 

initiation criterion was applied.  

Analytical formulation based on carbon fiber cantilever 

We investigated the properties between the matrix and fibers through the utilization of micro-

cantilevers. This innovative approach allows for the determination of interface properties in 

fiber-reinforced materials. The microcantilever geometry was designed based on 3D finite 

element simulations, and subsequently, physical specimens were created using the Focus Ion 

Beam (FIB) device at IMDEA MATERIALES. 

The finite element model represents a micro-cantilever with dimensions matching those of the 

specimens produced with the FIB. The matrix and fiber are treated as independent parts, 

connected through cohesive behavior featuring a linear traction-separation law, incorporating 

the Benzeggagh-Kenane model and a quadratic failure initiation criterion. 

Employing a systematic methodology with the FIB, regular micro-cantilevers were fabricated, 

each with a length of 5 microns, a height of 3 microns, and a width of 3 microns. Subsequently, 

these micro-cantilevers underwent testing using a nano-indenter machine (Hystron). 

Moreover, as mentioned earlier, having an analytical formulation proves particularly beneficial 

as it enables a direct determination of interface properties from experimental results, bypassing 

the lengthy and time-intensive numerical simulations. This methodology was employed to 

estimate both interface strength and fracture energy, validated against experimental evidence. 

The analytical approach involved a microcantilever beam elastic scheme, depicting shear force 

and bending moment distributions as illustrated in Figure 3 (a). The shear stress (τ) and bending 

moment stress (σ) depend on the elastic and geometrical properties of the beam, such as 

cantilever length, section moment of inertia, and material elastic modulus. This is further 

illustrated in Figure 3 (b), presenting a sectional side view of the micro-beam. Within certain 

limits of beam geometry and deflection, the Euler-Bernoulli and Timoshenko theories provide a 

comprehensive analytical description of the elastic problem before the initiation of interface 

debonding. 
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Figure 3: Micro-cantilever beam elastic scheme with elastic constraints (a) and a section side view of the micro beam 
with stress distribution and interface positioning (b) 

 

The kinematic relation establishes a connection between strain fields and displacement, as well 

as rotation through a differential approach. Simultaneously, the equilibrium differential 

equations, tailored for the specific load configuration under consideration, succinctly express 

the correlation between bending moment and shear load. Furthermore, these equations 

capture the continuity of shear load along the length of the beam. 

𝑀𝑧(𝑥) = 𝑃𝑦 ∙ 𝑥 =  𝐸𝑥𝐼𝑧
𝑑𝜑𝑧(𝑥)

𝑑𝑥
      (1) 

𝑃𝑦(𝑥) = 𝑘𝑠𝐴𝐺𝑥𝑦 (𝜑𝑧 −
𝑑𝑢𝑦(𝑥)

𝑑𝑥
)      (2) 

The solution devised for the beam needs adaptation when there's an interface surface within 

the specimen. This surface, often representing a discontinuity, serves to connect two distinct 

materials.  
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5 RESULTS AND DISCUSSION 
The main results of the developed tasks are discussed in this section. 

Reproduction with Finite Element Model of deformation and Fracture evolution of Micropillar  

The initial material parameters for fibers, matrix, and the interface were derived from a blend 

of information found in the literature and insights gained from prior simulations of carbon fiber-

epoxy systems. Following this, a case-sensitive study was conducted to fine-tune these 

parameters. The outcomes of the sensitivity study on the materials parameters are depicted in 

Figure 4.

 

Figure 4: Sensitivity study of Interface Material parameters for Micropillar tests 

 

Case/Parameter σ [GPa] Τ12[GPa] Τ23[GPa] GI 

[nJ/µm2] 

GII 

[nJ/µm2] 

GIII 

[nJ/µm2] 

Simulation 1 0.032 0.05184 0.05184 0.12 0.12 0.12 

Simulation 2 0.1 0.135 0.135 0.01 0.1 0.1 

Simulation 3 0.032 0.05184 0.05184 0.01 0.1 0.1 

 

After achieving a close alignment between the results of Simulation 3 and experimental data, 

adjustments were implemented to the matrix plasticity model and damage for Simulation 4. The 

evolution curve detailing plasticity and damage in the matrix throughout this simulation is 

presented below. 
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Parameters Yeld Stress [GPa] Inelastic Strain  

Concrete 

Compression 

Hardening 

0.186 

0.187 

0.002 

0 

0.32 

0.45 

Concrete Tension 

Stiffening 

0.137 

0.138 

0.002 

0 

0.32 

0.55 

Concrete 

Compression 

Damage 

0 

0 

0.1 

0 

0.32 

0.45 

Concrete Tension 

Damage 

0 

0 

0.1 

0 

0.32 

0.45 

 

Concerning boundary conditions, the configuration reproduced constraints on the lower section 

of the micro-pillar geometry. Additionally, a velocity in the compression direction was applied 

to the upper surface. The simulations presumed plane strain conditions in the direction of the 

fibers and embraced a quasi-static response. 

Micro-mechanical analytical solution based on experimental tests. 

To incorporate the classical Timoshenko model for the beam in the presence of an interface, it 

becomes imperative to account for constraint conditions that deviate from the ideal full fixity. 

The schematic representation of these conditions proves to be particularly intricate. Given that 

the microcantilever specimen is created by milling the beam within a continuous material block, 

the overall compliance of the specimen is influenced by the material surrounding the beam. 

Hence, it is deemed to be elastically constrained, and the compliance of the different material 

blocks (kϕ and kv) should be taken into consideration. 

By integrating the preceding equation (1 and 2) and isolating terms, the final form, considering 

compliance, is derived. 

𝜑𝑧(𝑥) =
𝑥 ∙ 𝑃𝑦

𝐸𝑥𝐼𝑧
(

𝑥

2
− 𝐿) +

𝑃𝑦𝐿

𝑘𝜑
 

𝑢𝑦(𝑥) =
𝑥 ∙ 𝑃𝑦

𝑘𝑠𝐴𝐺𝑥𝑦
+

𝑥3 ∙ 𝑃𝑦

2𝐸𝑥𝐼𝑧
(𝐿 −

𝑥

3
) +

𝑃𝑦

𝑘𝑣
 

 

The proposed procedures, while still incorporating numerical methods, prove to be significantly 

more efficient in terms of both time and computational costs when compared to the cohesive 

modelling approach. The required simulations involve establishing the relationship between the 

entire specimen's compliance and the advancement of the debonding front. Collectively, these 

simulations take only a fraction of the time required for a single simulation with the cohesive 

model implemented. 
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To ensure the consistency of the Timoshenko theory with respect to the considered problem, a 

comparison between numerical and analytical beam deflection curves was conducted. For this 

purpose, the fiber beam was modelled numerically as an independent entity, rigidly constrained 

at one end and vertically loaded at the other end. Subsequently, the bending stress distribution 

was assessed over a beam section located far from both the constrained and loaded sections. 

Figure 5 illustrates the schematization of the deflection line identification procedure, which is 

compared to a contour plot of U2 displacements over the fiber beam. 

 

 

Figure 5. Schematization of the numerical deflection line identification procedure on the left and U2[µm] 
displacements contour plot on the right and respectively comparison between analytical and numerical solution. 

Displacements along the beam axis were analytically computed based on known fiber properties 

and beam geometry. The section moment of inertia and neutral axis position were calculated 

under the assumption of pure bending loading conditions. Both the numerical model and the 

analytical procedure were calibrated, with respect to geometry, using data from experimental 

tests.  

To analytically define the micro-cantilever specimen's deflection curve under the testing 

conditions, considering the effect of matrix compliance, elastic constraint stiffnesses (kϕ and kv) 

were calibrated on the elastic response of the matrix block. A numerical simulation involving the 

entire micro-cantilever specimen measured the displacement Uy of the interface section centre 

of gravity and the average rotation of that section. With the applied load and geometrical 
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dimensions known, compliances could be estimated. The results give a good agreement 

between numerical approach and the use of Timoshenko formulation.  

As the contact surface is not flat, the displacement field on its intersection with the deformation 

axis surface is not constant. Figure 6 presents contour plots representing displacements along 

the y-axis and axial z-displacements, showing minimal changes in Uy over the interface front and 

an almost perfectly linear distribution of axial Uz displacements along the section height. As in 

Figure 5 the analytical approach is well matching the FEM results. 

 

 

Figure 6. Interface section displacement fields Uy and Uz reported in [µm], and comparison of FEM solution with the 
analytical model. 

After confirming that the deformation regime of the specimens is equivalent to that of a bending 

beam, a regression to determine the interface strength properties can be conducted. With the 

known geometrical and inertial properties of the beam cross-section, the bending stress at the 

upper surface of the section can be calculated using the continuum mechanics equation. 

𝜎 =
𝑀𝑧

𝐼𝑧
∙ 𝑦𝑚𝑎𝑥 =

𝑃 ∙ 𝐿

𝐼𝑧
∙ 𝑦𝑚𝑎𝑥 

where all the properties are well defined, and P is extrapolated from the experimental load vs 

depth curves. 
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In conclusion, the determination of interface strength involved analysing the average load over 

the depth curve for the mode I test experiments. Figure 7 displays its value over depth alongside 

the average load P. Notably, the load derivative remains quasi-constant for an initial depth 

amplitude, followed by a rapid drop. The average value within the initial constant range was 

computed. The depth corresponding to the first drop in the derivative value was then used to 

define the load value P=153.4 µN, corresponding to the debonding onset and resulting in 

σ=102.64 MPa. 

 

Figure 7. Average load vs depth curve for the mode I tested specimens, together with its discrete derivative and the 
mean value of the initial range where this last is constant 

 

An analytical procedure for deducing interface properties from experimental results was also 

proposed for toughness identification. The tests involved a cyclic process of partial unloading 

during their execution, as illustrated in Figure 8. Each loading ramp exhibited a load vs. depth 

slope, representing the specimen stiffness at that particular stage. Notably, the slopes displayed 

two distinct phases. In the initial phase, they remained quasi-constant across loading steps, 

while in the subsequent phase, a gradual reduction in slopes was observed. 

In the absence of other dissipation phenomena (such as plastic deformation, indenter tip sliding, 

indentation, etc.), the progressive decrease in specimen stiffness is attributed to the onset and 

propagation of debonding. Therefore, retracing the decrease in loading slopes proves valuable 

in identifying the stage of debonding progression. This approach, grounded in Griffith's energetic 

principles, is a widely adopted practice for estimating toughness in both fracture and adhesive 

joint mechanics. It enables the computation of the energy release rate based on the testing load 

conditions, geometrical configuration, and crack advancement. Two generic subsequent load 

cycles present stiffnesses respectively equal to Ki-1 and Ki and corresponding debonding length 

ai-1 and ai.  
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Figure 8. Schematization of the experimental stiffness identification with the debonding cycling progression. 

The Griffith energy balance was used to obtain a discrete form of the equation for energy 

calculation. 

𝐺𝑖 =
𝑃𝑖

2

2𝐵
∙

𝐶𝑖 − 𝐶𝑖−1

𝑎𝑖 − 𝑎𝑖−1
 

The calculated value of toughness was compared to that numerically obtained showing the 

robustness of used calculation methodologies. 

The resulting specimen compliance-debonded length pairs were interpolated with a polynomial 

function. 

 

Figure 9. Numerically calculated compliance vs debonding length data and cubic polynomial fitting curve, together 
with the R-squared value. 

The best fitting resulted from the adoption of a third-order complete polynomial, here reported 

in general form: 
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𝐶(𝑎) = 𝐴1 ∙ 𝑎3 + 𝐴2 ∙ 𝑎2 + 𝐴3 ∙ 𝑎 + 𝐶(𝑎 = 0) 

Where C(a=0) it is a compliance for a completely bonded interface, thus it should not be 

calculated by the fitting process. 

The equation allows to estimate the debonding length increment Δa for each of the compliance 

intervals experimentally defined. On the basis of these presented data the energy release rate 

was calculated and reported in Figure 10.  

 

Figure 10. Energy release rate G over debonding length a 

Observing the initial phase of debonding propagation, it becomes evident that the energy 

release rate G linearly increases with the advancement of debonding, denoted as 'a'. In the later 

phase of damage propagation, the values of G converge toward a finite value. This upper limit 

for the energy release rate is close to 10 µN/µm. Given that the load cycles corresponding to 

this limit value demonstrate the most stable propagation in terms of load vs. depth curve, this 

identified limit value was adopted as the interface toughness. 

6  CONCLUSIONS 
The finite element models developed during this year gave good results about the fracture 

mechanism of a Micropillar coupon, meanwhile, the interface strength of the fibre-reinforced 

composite is well represented by analytical considerations.  

The main technical conclusions from the current results are summarized in the following list. 

• Caution is required in managing the matrix damage model at the microscale. While it is 

necessary for the matrix damage to exhibit brittleness at this scale, it is equally 

important to permit a degree of plastic behavior prior to reaching this brittle failure. 

• It's crucial to approach the matrix damage model at the microscale thoughtfully. While 

the desired behavior is brittleness at this level, it's equally important to incorporate a 

certain level of plasticity before reaching the point of brittle failure. 

• The analytical formulation of carbon fiber micro-cantilevers enables the direct 

calculation of interface material properties, resulting in significant savings in 

computational time and costs.  
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