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Abstract 

This study consists of a numerical and experimental investigation on the unnotched and open-hole 

tensile characteristics of fiber-steered variable-axial (also known as variable angle-tow and 

variable-stiffness) composite laminates. The fiber path was obtained from an optimization 

framework taking manufacturing characteristics of the Tailored Fiber Placement (TFP) technology 

into account, in which both fiber angle and thickness are locally optimized; besides, unnotched 

coupons, open-hole specimens with unidirectional fibers, fibers along principal stress directions and 

with optimized fiber paths were manufactured and tested under longitudinal tensile loading. The 

tests were assisted by digital image correlation (DIC) to accurately capture the strain and failure 

behavior. A progressive damage model was then developed to simulate the experimental 

observations. The notched strength-to-weight (specific strength) of the open-hole coupon with an 

optimized fiber pattern has a notched strength even higher than the unnotched sample. Optical 

measurements via DIC and numerical predictions evidenced no strain concentrations around the 

hole near the final failure for coupons with optimized fiber path, where the reinforcing mechanism 

alleviated the strain concentrations by redistributing the stress uniformly around the coupon. 

Keywords: A. Textile composites; C. Computational mechanics; C. Notch; C. Stress concentrations; 

E. Tailored Fiber Placement. 

________________________________________________________________________________ 

1. Introduction 

Carbon fiber reinforced polymer (CFRP) composite materials are well-known for possessing 

outstanding specific stiffness and strength and their use has been increasingly disseminated in 

engineering structures. In aeronautic, aerospace and automotive industries, the introduction of bolt 

connections, cut-outs and holes are inevitable, which may lead to reduction on the mechanical 

performance, mainly due to lower local stress redistribution in the vicinity of the notch, which can 

promote the appearance of premature cracks and lead to subsequent delamination failure [1,2]. 

Indeed, composite structures show significant sensitivity to notches and holes when loaded in 
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tension, and considerable research has been carried out to better understand the notched strength of 

CFRP laminates [3,4,5]. 

An effective strategy to improve the strength aiming at avoiding fiber breakage and delamination 

[6] is by steering the fibers following a pre-defined path around the hole. Recent advancements on 

manufacturing techniques has led to the possibility of steering fibers in the plane of a layer, thus 

producing variable-axial (VA) laminates and significantly increasing the design space available to 

engineers [7]. Among them, Automated Fiber Placement (AFP) [8], Continuous Tow Steering 

(CTS) [9,10] and Tailored Fiber Placement (TFP) [11,12] are the most disseminated and suitable 

process to produce such tow-steered trajectories. As a well-known manufacturing technique AFP is 

mainly suited for the production of shell like structures with a high productivity by laying usually 

3.175 mm wide slit tapes simultaneously and produces structures with complex geometry [13]. 

However, local fiber wrinkling, tow gaps and overlaps are the most defects reported in parts made 

by AFP. Furthermore, its high deposition radius (> 500 mm) is another limitation. Based on 

limitations of AFP process, Kim et al. [14] developed the CTS technique aiming at overcoming the 

identified drawbacks in AFP. They showed that CTS technique might reduce processing defects, 

such as fiber wrinkling, resin rich areas and fiber discontinuities. Nevertheless, the productivity and 

reliability of CTS is still immature compared to AFP and the minimum radius of curvature should 

be decreased to less than tens of millimeters. Amongst TFP main features, it is highly productive, 

high accuracy on roving deposition and allows very small radius of curvature (> 5 mm). Also, 

typical defects can be avoided or tailored, such as tow gaps may be avoided by inducing a slight and 

smooth overlap, whereas fiber waviness can be controlled by adapting processing parameters [15]. 

TFP is an embroidery technology capable for manufacturing textile preforms for composite parts 

with fiber layouts of arbitrary direction, where a continuous roving can be placed in any direction 

by rotation of the roving pipe and translation of the base material [16].  

Considering that TFP process has a high potential to accurately tailor the reinforcement and, 

hence, decrease stress concentrations around holes, several design strategies have been carried out 

to decrease stress concentrations around notches [17]. On one hand, according to Wu et al. [5], the 

notch-sensitivity can be reduced by taking advantage of the damage mechanisms of pseudo-ductile 

thin angle-ply laminates with central constant-stiffness 0° layers. By appropriate selecting both 

materials (i.e. glass or carbon fiber) and stacking sequence, an optimized arrangement can be 

reached to explore the potential in both unnotched and notched applications. On the other hand, 

another strategy to reduce stress concentrations is by tailoring the fiber angle within the ply level, 

generating curvilinear fiber-reinforced laminates. For instance, Gliesche et al. [18] demonstrated the 

potentiality of TFP preforms for local reinforcements in an open-hole tensile (OHT) plate, where 

they computed the stresses via finite element (FE) analysis and validated experimentally with 
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tensile tests. The ultimate failure load was 55 % higher (from 55 kN to 85 kN) for the specimens 

with a local TFP reinforcement when compared with the unidirectional notched sample. Tosh and 

Kelly [19] used a strategy to align fibers along with principal stress (PS) vectors looking for 

increasing the OHT strength of a CFRP specimen. Mattheij et al. [16] investigated the effect of 

through-the-thickness reinforcement of TFP preforms on in-plane and out-of-plane mechanical 

properties. Zhu et al. [20] improved the strength of OHT laminates by creating a VA local 

reinforcement around the holes, which enabled optimizing the design for variable stiffness (VS) 

laminates by placing continuous fiber to follow pre-calculated principle stress trajectories. Crothers 

et al. [21] designed and optimized OHT specimens with TFP reinforcement following principal 

stress trajectories, and they achieved an increase of 55 % on the specific strength with a local TFP 

reinforcement. Malakov and Polivov [22] presented a numerical methodology to design an open-

hole plate under tensile loading placing curvilinear fibers along principal stresses using the FE 

method keeping constant thickness along the plate. They reduced stress concentrations by 3.2 times 

in comparison with rectilinear UD fibers. Although they demonstrated interesting possibilities to 

design laminates with VA layout to reduce stress concentrations, the anisotropic characteristic of 

carbon fibers can be further exploited by taking advantage of their directional properties. This 

allows fully utilizing the high degrees of freedom in the design process and subsequent 

maximization of their mechanical behavior. 

This paper presents a comprehensive set of designed, optimized, manufactured and tested open-

hole specimens under longitudinal tensile loading. This investigation focuses on demonstrating that 

the stress concentrations around notches can be eliminated by directly optimizing the fiber 

placement path and thus implicitly both fiber angle and thickness accumulation, generating 

variable-axial (VA) sub-structures. Stress concentrations around the notches were evaluated by 

digital image correlation (DIC). A new optimization framework considering the manufacturing 

features of TFP process, called Direct Fiber Path Optimization (DFPO) [23], is used to generate VA 

fiber paths for optimizing their notched strength. Next, a progressive damage model is developed to 

understand the failure and damage mechanisms and reproduce the experimental observations. 

The paper is organized as follows: Section 2 presents the determination of the fiber paths, FE 

modeling, optimization details and results; Section 3 depicts the experimental details, including 

manufacturing, testing and results; Section 4 provides details of the progressive damage modeling 

and its results; Section 5 presents a discussion of the results; the conclusions are drawn in Section 6. 

 

2. Fiber layout: modeling and optimization 

2.1 Finite element (FE) modeling 
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Manufacturing and modeling of composite laminates and structures are typically limited to 

stacking layers with constant nominal thickness and fiber angle within each layer. However, here, 

the capabilities of the TFP manufacturing process are exploited, in which the roving can change 

within the plane. In this work, the fiber angle may vary within a ply. Also, the thickness is locally 

adjusted following the optimization outcome, which is achieved via a smooth overlapping of the 

rovings. This degree of overlap is very flexible in TFP, which may range from 0% (no overlap – 

parallel roving placement) to 100% (full overlap). The complete analytical description about how 

both fiber angle and thickness is taken into account can be seen in Bittrich et al. [23], where the 

methodology is introduced and explained in details. For the sake of clarity, a brief description of the 

methodology is herein presented. 

The model setup is generated in a PYTHON environment. In a two-dimensional (2D) space, the 

thickness is evaluated at the corner of each finite element and the fiber angle at the center of each 

element [12,23]. After these computations are carried out in the 2D space, this information is 

compiled as a 3D FE mesh containing both averaged thickness and fiber angle. In this work, the 

mesh is exported as an input file to ANSYS Parametric Design Language (APDL) FE software, in 

which loads and boundary conditions are applied, besides solving the FE problem. The FE model is 

herein required to: i) perform the optimization; ii) analyze failure modes; iii) evaluate the stress 

fields; and iv) carry out the progressive damage modeling. 

The finite element used is a higher order 3D 20-node (element with midside nodes) solid element 

(Solid186 – Ansys library reference) that exhibits quadratic displacement behavior, which is 

defined by 20 nodes having three degrees of freedom per node: translations in the nodal 𝑥, 𝑦, and 𝑧 

directions. After a preliminary mesh convergence analysis, a FE mesh containing 18,386 elements 

and 28,260 nodes (Figure 1b) has been selected and used. Details of the specimen dimensions and 

geometric parameters are presented in Figure 1. The unnotched unidirectional specimen (UN-UD) 

has the same geometric parameters but without the hole. Due to the symmetrical geometry, only a 

quarter of the specimen has been considered, as depicts Figure 1b. A displacement-type boundary 

condition is imposed on the top edge and then the reaction force on these nodes is collected 

throughout the simulation. 

Three layouts are considered as being the baselines: unidirectional unnotched (UN-UD) 

unidirectional open-hole (OH-UD) and open-hole with fibers placed at principal stress directions 

(OH-PS). The optimized design is referred as OH-SO, which means stiffness optimization using 

the DFPO optimization framework. 

Regarding the determination of the principal stress directions, a plane FE model with isotropic 

material properties was used to calculate principal stresses within the specimen. Then, the fiber 

rovings are placed in two layers along one principal stress direction each by integration along both 
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possible directions for given initial point, with help of an in-house developed routine. In order to 

initiate the PS trajectory pattern [15,19], equidistant starting points of 1.6 mm distance at the upper 

end (Figure 1 b) of the specimens were set for the fiber path generation. Because of the difference 

in magnitude, only the first principal stress direction is used in the final pattern. According to this 

optimization criterion (OC)-based approach, the resulting PS pattern was used to derive a FE model 

considering not only the fiber orientation, but also the resulting thickness of each element according 

to locally evaluated fiber distances. 

 

Figure 1. Geometric details (dimensions in mm) of the OH specimen (a) and typical mesh of a the 

FE model showing loads and boundary conditions and highlighting the fine mesh around the hole 

(b). 

 

2.2 Optimization: the DFPO framework 

The DFPO [23] framework is herein utilized to optimize the laminates, in which the whole 

optimization algorithm is developed in a PYTHON environment.  

The DFPO method employs a parameterization of the fiber placement path. This parametrization 

is optimized by BOBYQA (Bound Optimization BY Quadratic Approximation) a gradient free 

optimization algorithm. For given loads and boundary conditions the contained model generator 

computes a finite element model for the current fiber path and result values such as the compliance 

is the optimization value. The algorithm modifies the fiber path parameters (𝐶𝑖) within predefined 

boundaries to achieve the minimum compliance. DFPO is an optimization framework that can be 

used to create fiber layouts based on a target criterion. Based on the actual loads and boundary 

conditions (Figure 1), the continuous fiber placement path is optimized and thus thickness and fiber 

angles are allowed to change within each element with the fiber pattern between successive 

iterations of the optimizer aiming at maximizing the global structural stiffness. Moreover, a key 

capability of this framework is that it takes manufacturing constraints into account, which means 

that any fiber pattern that arises from the optimization process can certainly be produced. For that, 
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the optimum fiber layout has smooth transition in the roving placement and uniform fiber 

distribution in the clamping area. Also, the minimum feasible radius of curvature of 5 mm, which 

makes TFP the unique process with such small radius of curvature, is accounted for in the modeling 

and optimization. 

Further features that make DFPO a unique and original framework are pointed out, as follows: 

• DFPO works with a parameterization of the fiber pattern that incorporates manufacturing 

constraints but does not restrict the design flexibility for the production technique, which 

means that DFPO can be easily adapted for any manufacturing process; 

• Within the framework, a modelling generator is used that computes accurate FE models for 

arbitrary fiber patterns independent of the fiber pattern parameterization. The model 

generator does not restrict the choice of parameterization and can also be used together with 

manually designed patterns, e.g. for fixed layers in the stacking sequence; 

• In contrast to other methods that deal with optimizing the local laminate thickness and/or 

fiber angles, the fiber pattern parameterizations here only generates producible layouts. The 

method also changes the local thickness and fiber orientation locally, but the correlations 

introduced by the use of continuous fibers are taken into account by means of the 

parameterization and the flexible modelling generator; 

• The resulting fiber designs make use of the full capability of flexible preform techniques, 

such as TFP, and accordingly the potential gains compared to other design methods and 

optimization approaches are much higher; 

• The modeling framework has the capability to export all information about the structure via 

a FE mesh that can be imported in different FE software tools (e.g. Ansys, Abaqus, 

Nastran). Furthermore, the FE mesh can be generated by either solid or shell finite elements. 

• DFPO approach results in a separation of the optimization approach (set of fiber lines, 

controlled by a limited number of design variables, e.g. spline control points) from the 

numerical model (FE model, derived from the actual optimization model). Most existing 

approaches use the actual FE mesh for the optimization process itself, implying in a high 

number of design variables and there is no direct correlation between the calculated 

orientation field and the actual producible fiber pattern. 

Initial FE calculations are then carried out and the initial guess (fiber layout) is evaluated with 

regard to the laminate stiffness. Similar to the PS design the fiber pattern is fixed in the clamping 

area and the corresponding fiber path parameters are fixed as well. 

Assuming that the current objective function is to maximize stiffness (𝑆) under variation of each 

roving placement path Ci, an iterative minimizer attempts to obtain the lowest possible value of 

compliance (inverse of stiffness). This process is repeated until the lowest value is reached. In order 
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to run the optimization in an equal basis, the objective function is the ratio between the stiffness and 

the mass of the specimen: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:    min
𝐶𝑖

𝐶     (1) 

where 𝐶 stands for compliance, which analogously means stiffness maximization. 

For the initial fiber layout, the open-hole specimen (OH-UD) is chosen which contains 

equidistant straight and parallel fibers. Deviations from this layout are restricted to shifts in 𝑥-

direction, which limits possible layouts to angles of less than 90° between fiber orientation and the 

load, which is parallel to the 𝑦-direction (load direction). The fiber path is here modeled with 2D 

cubic 𝐵-splines, where deviations from the initial path are described with the spline functions. The 

𝑥-coordinate of the fiber path is determined by: 

𝑥 → 𝑓 (𝑢𝑘, 𝑣) = ∑ ∑ 𝑝𝑖𝑗𝐵𝑖(𝑢𝑘)𝐵𝑗(𝑣)
𝑁𝑦

𝑗=1
+ 𝑎𝑢𝑘

𝑁𝑥
𝑖=1     (2) 

where 𝐵𝑖 are spline basis functions and the control points 𝑝𝑖𝑗 define the optimization parameters. 

The linear scaling factor 𝑎 represents the specimen length in 𝑥-direction. An equidistant set of 𝑢𝑘 

defines different rovings next to each other in 𝑥-direction and the total set of curves for each roving 

path along the 𝑦-direction is given by variation of 𝑣, as follows: 

𝐶𝑘(𝑢𝑘, 𝑣) → (
𝑓(𝑢𝑘, 𝑣)

𝑏𝑣
)     (3) 

where b is the length in 𝑦-direction. For 𝑝𝑖𝑗 = 0, the initial layout with straight fibers 𝐶𝑘(𝑢𝑘, 𝑣) is 

achieved. The demand for smooth rovings also at the symmetry line 𝑦 = 0 leads to additional 

restrictions of 𝑝𝑖𝑗 = 𝑝𝑖𝑗+1 for 𝑗 = 𝑁𝑦 − 1. The optimization parameters are 16 independent control 

points (𝑁𝑥 = 4, 𝑁𝑦 = 4) at the beginning and increase up to 112, which is reached by node insertion 

after BOBYQA algorithm converges for a lower resolution. The optimization stopping criterion is 

fulfilled (or optimization convergence) when the control points do not change by more than 0.005 

mm between successive iterations. 

 

2.3 Optimization results 

Before exploring the results of the optimization through DFPO framework, a few facts about the 

other reference layouts need to be pointed out. The fiber path of the OH-PS specimen is based on 

the orientation fields with fibers at 1st and 2nd principal stress directions, where the 1st principal 

stresses directions in the loading direction and the 2nd principal stresses are perpendicular to the 

loading direction. For the fiber path generation only 1st principal directions have been considered. 

Before going further with the next step, which is determining the fiber pattern, numerical results 

needs to be carefully evaluated. The following scenario is observed: a laminate consisting of a TFP 

layer with UD fibers at 0° (loading direction), without any base material, fails with a combination 
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of tensile fiber failure and transverse shear. When placing fibers along principal stresses, transverse 

shear effects are drastically reduced close to null. However, the matrix fails in the gauge section of 

the specimen, far away from the hole edge, with a value higher than the fiber failure index. This 

means that matrix-type failure dominates the laminate failure, since there are no fibers in another 

layer to suppress matrix failure. This matrix cracking is a consequence of the Poisson effect, since 

the high strain in the 𝑦-direction at the hole edge generates a large contraction strain in the 𝑥-

direction around the edge of the hole. According to Hyer and Charette [24], in an open-hole 

specimen, with a large 𝑥-direction Poisson contraction at the hole edge and a smaller 𝑥-direction 

Poisson contraction away from the hole edge, the material is essentially subjected to transverse 

tensile loading. As a consequence, this transverse tension is enough to crack the matrix. In case that 

some reinforcement is added to this area, matrix tensile cracking would be suppressed. Hence, a 

±45° layer was added here as being the base material (the TFP layer is stitched onto a base 

material). After analyzing the FE model with the ±45° layer, not only matrix tension cracking was 

suppressed, but also the laminate was not any more susceptible to failure caused by in-plane shear. 

In addition, the failure load was found around the edge of the sample, and not anymore in the gauge 

area. Due to these findings, all specimens herein studied are designed, optimized and manufactured 

with this ±45° non-crimp fabric layer as being the base material of the laminate. The base material 

layer for all specimens is shown in  (see the top-left side of each layout). 

 

Figure 2. Fiber path for baselines (UN-UD and OH-UD) and optimized (OH-PS and OH-SO) 

configurations. The square located at the top left hand side of the fiber patterns represents the base 

material (±45° non-crimp fabric). 

 

As noticed, principal stresses can be considered as a simple optimization criterion, in which a 

global optimum cannot be neither comprehensively determined nor found This was the main 
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motivation to develop an optimization algorithm considering manufacturing constraints of the TFP 

process, the DFPO [23] framework. In addition, as previously mentioned, DFPO is able to locally 

optimize both fiber angle and its derived laminated thickness (see Figure 3), which makes it unique 

within the frameworks available in the literature. The optimized layout with respect to the minimum 

compliance for the OH-SO has fewer rovings below and above the hole, where the load is mostly 

carried by the base material. Furthermore, the outcome from the DFPO framework provides a 

layout with fibers completely circumventing the hole, which makes it lighter than the other samples. 

In contrast to the PS layout, not only the fiber orientation near the hole was adjusted by the DFPO 

optimization, but also the trajectories close to the specimen edge, in which the fiber angles have 

been moved inwards in order to enable a better fiber length distribution in the region near the hole 

of the specimen, resulting in more equally loading of the reinforcing fibers. 

 

Figure 3. OH-SO specimen: Full FE optimum model highlighting the area with curvilinear fibers 

(Detail A) and in another view exhibiting the different materials (Detail B). 

 

3. Experimental details 

This section was intentionally placed after the optimization Section since all following 

procedures and results are dependent on the optimization outcome. Thus, this Section describes the 

whole experimental procedure of this work, comprising:  

- preform manufacturing (Section 3.1); 

- mold design and preparation (Section 3.1); 

- vacuum-assisted resin transfer molding (VARTM) (Section 3.1); 

- experimental set up (Section 3.2); and 
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- experimental results (Section 3.3). 

 

3.1 Manufacturing 

The materials used in this investigation are: high tenacity carbon fiber roving (HTA 6K, 400 

tex), ±45° non-crimp carbon fiber fabric as base material (Tenax HTS 12k, 256 g/m2), and epoxy 

resin EPR L20 with hardener EPH 161. 

The fiber preform is derived from the different pattern layouts (UD; optimization criterion-

based: PS; and real optimized via DFPO: SO) () accounting for local fiber angle variation and 

thickness build up (Figure 3). The preform pattern for the CNC (computer numerical control) based 

TFP machine manufacturing process is generated via EDOpath software, an in-house punch 

software. This software transfers 2D-CAD data into a producible machine code, adding all stitches 

and path required path corrections in order to minimize set-actual variations at the fiber placement 

process. After the TFP-preform is manufactured, it is placed into the metallic mold for the vacuum-

assisted resin transfer molding (VARTM). The inner cavity of the molds are designed and produced 

considering the fiber layout of each specimen configuration, so that the produced specimens are 

identical to the optimized designs.  

The preforms were stitched via TFP by using a nominal speed of 600 stitches/min. For non-

optimum specimens (UN-UD and OH-UD), a flat mold without thickness variations was applied, 

because these families of specimens have uniform thickness. On the other hand, for both OH-PS 

and OH-SO, the molds have been designed from the optimum fiber patterns using a thickness 

derivation function with the EDOpath software, that generates an 3D-CAD surface featuring all 

existing thickness variations of the TFP preform. Figure 4 a presents the 3D-CAD designed mold 

with specimens assembled in the mold, where the cavity at the left hand side fits the fiber layout of 

the OH-PS specimen, and the right hand side was designed according to OH-SO layout. In Figure 

4b, the produced mold with specimens already impregnated with resin is presented. Still in Figure 4, 

the dry preform for the OH-SO sample can be observed, confirming that no gaps have been 

identified. It can be seen that the quality of the manufacturing is excellent and the produced samples 

strictly follow the optimum fiber layouts with regards to both fiber orientation and thickness 

distribution. Moreover, the hole is generated via inserting a pin in the specimen (made of PTFE - 

Polytetrafluoroethylene). At last, a total of 7 specimens of each family were manufactured and 

tested, in which their main characteristics are shown in Table 1. The thickness for both OH-PS and 

OH-SO specimens reported in Table 1 are average of several measurements throughout the sample. 

After manufacturing and specimen preparation (polishing and end tabs incorporation), the visual 

aspect of each family of specimen can be seen in , which are identical to the fiber path shown in . 
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Figure 4. VARTM mold design for OH-PS (left) and OH-SO (right) specimens (a) and visual 

aspect of OH-PS (left) and OH-SO (right) samples after resin infiltration (b) with a zoom at the dry 

preform of the OH-SO sample. 

 

Figure 5. Visual aspect of UN-UD (a), OH-UD (b), OH-PS (c) and OH-SO (d) manufactured 

specimens. 

 

Table 1. Physical characteristics of all families of specimens herein studied. 

Specimen Vf (%) t [mm] m [g] Gauge section area [mm2]* 

UN-UD 57.6 ± 1.3 1.16 ± 0.02 45.54 ± 0.52 92.80 

OH-UD 58.4 ± 0.3 1.05 ± 0.05 44.84 ± 0.27 44.15 

OH-PS 58.6 ± 1.1 1.08 ± 0.02 44.97 ± 0.45 60.07 

OH-SO 58.9 ± 0.9 1.09 ± 0.01 44.90 ± 0.54 65.12 
*calculated 

 

3.2 Testing 
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All designed specimens were tested in tension following the recommendations of the DIN EN 

ISO 527-4 standard. Figure 6 shows the experimental setup for the tensile test. A digital image 

correlation (DIC) system is used for monitoring displacement and deformation of the specimen. A 

Zwick Universal testing machine model Z250 with a load cell of 250 kN was used. In order to 

capture the final failure of the specimen, a Nikon camera model D7000 was utilized. All tests have 

been performed under the same conditions: room temperature of 23 °C, relative humidity of 50%, 

and testing speed rate of 3 mm/min. 

For optical measurements, the measuring system ARAMIS 5M from GOM has been used. This 

system is able to make 2D and 3D measurements by using 2 cameras simultaneously. As can be 

seen in Figure 6, the specimen is coated with a stochastic pattern to be recorded by the cameras. 

After a first shot of the undeformed specimen is taken (test about to start), further shots are taken at 

intervals of 2 s throughout the test. 

 

Figure 6. Experimental set up: tensile testing frame with digital image correlation (DIC) system 

coupled. 

 

3.3 Experimental results 

The experimental results of this investigation are presented in this Section. Figure 7 presents the 

load vs. displacement curves for all specimens, in which seven samples of each family have been 

tested. Evaluating the average maximum peak load of each specimen (see Table 2), the UN-UD 

sample has the largest peak load, with an average of 79.2 kN. Just the fact of inserting a hole into 

the unnotched specimen, generating the UD-OH variation, the average peak load drops to 37.8 kN, 

which represents a drop of ≈52% compared to UN-UD specimen. This is the reason why designers 
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avoid drilling holes in composite structures and, for overcoming this, UD layers are stacked on top 

of each other looking for compensate this drop, but increasing the overall mass of the structure. 

Placing fibers along principal stresses already minimizes this loss in ultimate load. In the actual 

case, the OH-PS design layout has an ultimate load 43% higher than the OH-UD one. However, 

tailoring fibers along principal stress directions does not have the ability to determine the global 

optimum, but it provides a possibility to decrease stress concentrations around discontinuities with a 

relatively straightforward approach. 

 

Figure 7. Experimental load vs. strain curves for all specimens (7 curves for each family) tested. 

 

The average maximum load supported by the OH-SO specimen is of 77.6 kN, which is only 2% 

lower when compared to the unnotched reference layout (UN-UD). This outstanding performance is 

only achieved with the optimization herein performed. Based on the visual aspects of the fractured 

specimens, no evidences of matrix cracking have been observed thanks to the ±45° layers, where 

fiber failure dominated the damage mechanism of these samples. 

Figure 8 also depicts the in-plane strain fields (technical strain in direction of loading) of all 

specimens at half and 95% of the applied load, which were mapped through DIC. The strain field at 

the whole area of the specimen is homogeneous for the UN-UD sample (Figure 8(a)), as expected, 

since this specimen does not have any geometric discontinuity (hole) in the sample. Figure 8(b) 

depicts the strain field for the OH-UD sample, in which an increase in the strain at the hole edge at 

50% of the ultimate load. Furthermore, the deformation field is very unevenly distributed over the 

sample, where the highest strains have been identified around the hole transversely to the applied 

load (see green-scaled areas at a load of 50% and red-scaled areas at a load of 95% around the hole 

edge in Figure 8). Above and below the hole very small strains are present. Thus, the hole clearly 
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represents a weak point of the sample and is also the area in which the failure has begun. As a 

consequence, OH-UD specimens failed around the hole area, mainly dominated by fiber breakage. 

 

Figure 8. Experimental major strain fields measured via DIC for all specimens at 50 % and 95 % of 

the applied load: UN-UD (a), OH-UD (b), OH-PS (c) and OH-SO (d) family of specimens. 

 

Now analyzing the deformation field of the OH-PS specimen, a more homogeneous strain 

behavior over the sample is found, when compared with the OH-UD variation. Nevertheless, the 

area around the hole still denotes a structural weakening. As for the OH-UD samples, higher strains 

occur at the hole edge at the transverse direction of the applied load (see left and right at the hole of 

Figure 8(c) for a applied force of 95%). In this area, similarly for the OH-UD family, fiber breakage 

dominates the failure of the sample. 

Evaluating the behavior of the OH-SO sample, likely to the UN-UD reference family of 

specimen, a very homogeneous strain field over the specimen can be observed, even around the 

hole area (Figure 8(d)). The hole notch has almost no influence on the behavior of the sample under 

tensile load. The fracture behavior is dominated by fiber breakage. After analyzing the hole areas 

after final failure, some evidences of micro-buckling have been identified. Another benefit from the 

optimum fiber trajectory for the OH-SO specimen is that a large part of the sample, far away from 

the hole, was cracked. Nevertheless, these breakages around the hole have been originated from the 

forces occurring during the final failure. Comparing the results for the OH-SO optimized 
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configuration with the results found by Falcó et al. [25], the current approach is more efficient on 

eliminating stress concentrations around the whole, as can be seen in Figure 8d), where no stress 

concentrations around the hole at 95 % of the applied load is found. 

For a deeper and more comprehensive failure analysis of the OH-SO specimen, Figure 9 depicts 

all seven fractured samples of this family. All specimens failed within the gauge section (also 

referred as net section) and far away from the hole, which means that the reinforcement efficiently 

enhanced the strength in that region. The stress concentration around the hole was relieved and the 

stresses were transferred to the regions outside the gauge section. The VA optimized layer is also 

efficient on preventing crack propagation. 

 

Figure 9. Visual aspect of all seven OH-SO fractured samples. 

 

On the other hand, OH-PS family of specimens is able to absorb higher energy by placing fibers 

along principal stress directions. The breaking load is between 48.4 kN and 57.6 kN. These 

specimens deformed ≈ 0.99%, which represents an increase in strain at failure of ≈ 34%. As a 

result, the energy absorption doubled, reaching an average value of 43.52 N.m. The OH-SO 

specimens absorbed forces of up to 80.2 kN, with strains of up to 1.45%. The structural stiffness 

and the energy absorption, with magnitudes of 57.2 kN/% and 90.45 N.m, are roughly equal to the 

reference unnotched samples (UN-UD). It is valid to mention that the energy consumption for the 

OH-SO sample has almost quadrupled its value when compared to the OH-UD test specimens. 

Table 2 presents a summary of the experimental results. The structural stiffness and energy 

absorption for the UN-UD sample is of 57.6 kN/% and 88.1 N.m, respectively, at a strain failure of 

1.38%. The OH-UD specimens presented an ultimate load lower than the UN-UD sample, at a 
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strain level of 0.74%, having an energy absorption of 22.62 N.m and structural stiffness of 51.7 

kN/%. Comparing OH-UD with UN-UD, insertion of hole decreased all properties, as expected due 

to the stress concentrations added with the presence of a hole in the coupon. Nevertheless, all 

properties are enhanced with fibers placed along principal stresses (OH-PS), but with property 

levels still lower than the unnotched coupon (UN-UD). However, the ultimate load, strain at failure 

and stiffness are statistically in the same range (considering that these values are within the standard 

deviation) comparing OH-SO with UN-UD samples, which means that even in the presence of a 

hole, the structure can have the same properties of an unnotched specimen. Furthermore, the 

absorbed energy for the OH-SO sample is higher than the UN-UD one. 

Table 2. Summary of experimental results for all specimens tested. 

Specimen 

Property 
UN-UD OH-UD OH-PS OH-SO 

Maximum load [kN] 79.22 ± 1.48 37.78 ± 0.81 53.99 ± 1.33 77.62 ± 0.79 

Strain at failure [%] 1.38 ± 0.03 0.74 ± 0.01 0.99 ± 0.03 1.41 ± 0.02 

Stiffness [kN/%] 57.56 ± 0.45 51.73 ± 0.46 55.29 ± 0.26 57.24 ± 0.28 

Energy absorption [N.m] 88.1053± 0.0034 22.6216 ± 0.0009 43.5234 ± 0.0022 90.4479 ± 0.0028 

 

In order to compare the results presented in Table 2 in an equal basis, these results were 

normalized with respect to the mass of each sample, just as carried out in the optimization 

procedure.  presents the specific maximum load, specific energy absorption and specific stiffness. 

As can be seen, the optimized OH-SO has a similar mechanical response in terms of specific 

maximum load, specific energy absorption and specific stiffness when compared to the UN-UD 

reference specimen. 

 

Figure 10. Mass-normalized specific properties for all family of specimens. 
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The excellent property-to-mass results presented in  certainly overcome some issues reported by 

Crothers et al. [21], who stated that the mass of a TFP layer is dictated by the severity of the stress 

concentration in the area to be reinforced. That is, besides the internal fiber path, the area and 

thickness of the TFP reinforcement should be optimized. In fact, the results shown in  are better 

compared to Crothers et al. [21] because the fiber path is herein optimized and carefully placed 

around the hole, whereas Crothers et al. [21] and Zhu et al. [20] added local fiber patches around 

the hole to decrease stress concentrations. 

 

4. Progressive damage modeling 

The capability to predict the initiation and evolution of damage in CFRP composites is 

indispensable to assess their behavior, and to develop reliable and safe designs looking for 

exploiting the advantages of fiber-reinforced composites. Since most composite materials exhibit 

quasi-brittle failure with little or no margin of safety through ductility, the propagation of quasi-

brittle failure mechanisms in composite structures cannot be neglected [26]. 

Composite laminates may exhibit damage mechanisms such as matrix cracks, fiber breakage, 

fiber-matrix debonding and delaminations, which contribute to final failure. Strength-based failure 

criteria are commonly used to predict these phenomena. Nevertheless, for composite structures that 

may accumulate damage before the final structural failure, a progressive failure analysis is the most 

appropriate approach to predict damage accumulation. 

In order to simulate the actual experimental results, a progressive damage model (PDM) was 

developed. The PDM herein used is an integration of stress analysis, failure analysis and material 

property degradation. An advantage is that the PDM routine is fully implemented within the finite 

element model, which makes it simple and computationally efficient, attractive to both academia 

and mainly industrial applications. Figure 11 shows a flowchart describing the whole procedure. 

A ply-drop off approach is employed, in which the amount of stiffness drop can be determined. 

Hashin failure criterion [27] is used to capture damage initiation, where four failure modes can be 

identified: fiber tension (𝑓𝑇𝐹), fiber compression (𝑓𝐶𝐹), matrix tension (𝑓𝑇𝑀), and matrix compression 

(𝑓𝐶𝑀), here represented by the following damage initiation indexes: 𝑑𝑓𝑡, 𝑑𝑓𝑐, 𝑑𝑚𝑡, and 𝑑𝑚𝑐, 

respectively. Whether damage occurs in any finite element, the undamaged material properties are 

updated with the damaged material properties. For instance, the original longitudinal elastic 

modulus, 𝐸1, is updated to 𝐸′1. All details are presented in Table 3. These damage indexes, which 

represent the degradation factors, were initially analyzed by Tan [28], who developed a progressive 

failure model for graphite/epoxy open-hole laminates under tension. After carrying out a parametric 

analysis by comparing predictions with experimental results, he found out the best degradation 

factors as being 𝑑𝑓𝑡 = 0.07, 𝑑𝑓𝑐 = 0.14; 𝑑𝑚𝑡 = 0.20 and 𝑑𝑚𝑐 = 0.40. These allowable values 
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represent the reduction in the material stiffness in the affected failure mode after damage is 

triggered, where 0 means no stiffness reduction and 1 means complete stiffness loss. These values 

proposed by Tan [28] were used here initially for a parametric analysis and the optimal values that 

best fit with the current experimental results are: 𝑑𝑓𝑡 = 0.05, 𝑑𝑓𝑐 = 0.13; 𝑑𝑚𝑡 = 0.18 and 𝑑𝑚𝑐 =

0.40. Therefore, these allowable values are used here. 

 

Figure 11. Flowchart of the implemented progressive damage model. 

 

Table 3. Summary of the failure criteria and degradation law for each failure mode. 

Loading type Failure criteria Degraded properties 

𝜎11 > 0 𝑓𝑇𝐹 = (
𝜎11

𝑋𝑇
)

2

+ (
𝜎12

𝑆12
)

2

 𝐸′1 = 𝑑𝑓𝑡. 𝐸1 

𝜎11 < 0 𝑓𝐶𝐹 =
𝜎11

X𝐶
 𝐸′1 = 𝑑𝑓𝑐. 𝐸1 

𝜎22 > 0; 𝜎12 ≠ 0 𝑓𝑇𝑀 = (
𝜎22

𝑌𝑇
)

2

+ (
𝜎12

𝑆12
)

2

 𝐸′2 = 𝑑𝑚𝑡. 𝐸2; 𝐺′12 = 𝑑𝑚𝑡 . 𝐺12 

𝜎22 < 0 𝑓𝐶𝑀 = (
𝜎22

2𝑆23
)

2

+ [(
𝑌𝐶

2𝑆23
)

2

− 1]
𝜎22

𝑆12
+ (

𝜎12

𝑆12
)

2

 𝐸′2 = 𝑑𝑚𝑐. 𝐸2; 𝐺′12 = 𝑑𝑚𝑐 . 𝐺12 

*𝜎𝑖𝑗: components of the stress tensor; 𝐸′𝑖: degraded elastic properties; 𝐺′12: degraded shear modulus. 

 

Table 3 summarizes the failure criterion related to each failure mode and its respective degraded 

properties. For each failure criterion, the elastic properties are degraded according to the respective 

damage index associated with the failure mode in charge. The material properties of both UD 

carbon fiber/epoxy unidirectional TFP layer and the carbon fiber/epoxy woven fabric laminated 

composites used in the PDM (the same properties have been used in the optimizations [23] that 

generated the fiber pattern herein considered) are shown in Table 4. 
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Table 4. Material properties for both TFP and base material layers [23,29]. 

 TFP layer: unidirectional CFRP 

𝑬𝟏 (𝑮𝑷𝒂) 𝐸2 = 𝐸3 (𝐺𝑃𝑎) 𝐺12 = 𝐺13 = 𝐺23 (𝐺𝑃𝑎) 𝜈12 = 𝜈13 = 𝜈23  

𝟏𝟑𝟐 9.56 5.76 0.258  

𝑿𝑻 (𝑴𝑷𝒂) 𝑋𝐶 (𝑀𝑃𝑎) 𝑌𝑇 (𝑀𝑃𝑎) 𝑌𝐶 (𝑀𝑃𝑎) 𝑆 (𝑀𝑃𝑎)  

𝟏𝟒𝟎𝟗 740 80 140 69  

 Base material: CFRP woven fabric (±45°) 

𝑬𝟏 = 𝑬𝟐 (𝑮𝑷𝒂) 𝐸3 (𝐺𝑃𝑎) 𝐺12 = 𝐺13 = 𝐺23 (𝐺𝑃𝑎) 𝜈12 = 𝜈13 = 𝜈23 

𝟔𝟐 7.67 4.17 0.033 

𝑿𝑻 (𝑴𝑷𝒂) 𝑋𝐶 (𝑀𝑃𝑎) 𝑌𝑇 (𝑀𝑃𝑎) 𝑌𝐶 (𝑀𝑃𝑎) 𝑆 (𝑀𝑃𝑎)  

𝟕𝟓𝟎 540 60 100 59  

 

A note must be made about matrix tension failure mode. According to Barbero and Shahbazi 

[30], this is a misnomer, since this mode actually represents transverse tension and in-plane shear of 

the composite lamina, not the matrix. The misunderstanding is because this is a matrix-dominated 

mode, but still the criterion is here applied at the meso-scale. In other words, it refers to the lamina 

level, not at the micro-scale where fiber and matrix are analyzed separately. In addition, the 

parameters involved (𝜎12 and 𝑆12) are associated to the lamina, not fiber and matrix separately, and 

the resulting index applies to the lamina, not to the matrix. This is the reason that transverse tension 

and in-plane shear are evaluated through 𝑑𝑚𝑡 damage index. 

 

4.1 PDM results 

Figure 12 presents the predicted load vs. strain curves for all specimens. It is valid to mention 

that ¼ FE model is shown in the damage plots. Analyzing the unnotched tensile specimen, the 

reaction force increases linearly up to a strain of 0.58%. At this point, the first matrix failure takes 

place at a finite element at the top-left edge of the ¼ specimen. However, the first damage on the 

matrix has been found at a strain of 0.22%, where some elements at the top edge of the hole have 

been damaged. The damage index related to fiber failure was triggered at a strain of 0.32% also 

nearby the top edge of the notch. However, these damages did not generate a clear load drop or 

leaning in the load vs. strain curve. A more abrupt damage is found at a strain of 0.6%, affected by 

damage in both matrix and fiber. Clearly, the specimen has a loss of stiffness, as can be seen in 

Figure 12a), however the load keep increasing until reaching the maximum ultimate load at 77.6 

kN. After this point, both fiber and matrix damage indexes grow rapidly in the base material, 

however the TFP layer keeps supporting the applied load. At the maximum load peak, the fiber 

damage index grows faster than the matrix damage index, which implies on an extensive fiber 

breakage just prior to the catastrophic failure. The last stage of the curve just prior the final failure 

is due to a small amount of fiber fragmentation until the mean failure strain of 1.35% was reached 

when both base and TFP layers plies failed. 
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Figure 12. Predicted load vs. strain curves, damage initiation (the plot shown is captured upon 

damaging of the first element) and propagation (prior to the final failure) at both matrix and fiber 

for: UN-UD a), OH-UD (b), OH-PS (c) and OH-SO (d) tensile specimens. 

 

Figure 12(b) shows the PDM results for the OH-UD specimen with a hole diameter of 20 mm, 

aims at determining the notched strength of the pristine laminate by adding a 20 mm hole at the 

middle of the specimen. The presence of the hole led to a decrease on the maximum ultimate load 

of 53%, since the predicted maximum load of the OH-UD specimen was of 36.5 kN. This behavior 

is expected given the high stress concentrations at the hole edge area generated by the presence of a 

discontinuity in the sample. The curve has nearly a linear-elastic character followed by brittle 

failure, similarly to both numerical and experimental findings from Hallett et al. [31]. According to 

the failure mode of open-hole laminates under tensile loading, the failure mode can be dominated 

by delamination, fiber pull-out or fiber breakage with brittle failure, depending upon the stacking 

sequence and design criteria. Comparing their investigation with the current work, the failure mode 

herein found is similar to their findings, which is driven by fiber failure. 
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Still analyzing the damage propagation in the OH-UD specimen, it is observed the matrix 

damage index was triggered at several finite elements around the hole edge at the base material. 

After two load increments, the fiber damage index was activated also in the base material in some 

elements nearby the finite elements with matrix damage activated (see Figure 12b). The damage 

continued then propagating along the base material, and after that the TFP layer started being 

damaged too. However, damage has grown through the TFP layer at ±45°, which is the fiber 

orientation of the base material. Similar results were found by Gliesche et al. [32], who aimed at 

decrease stress concentrations in open-hole tension specimens by adding TFP local reinforcement 

circumferentially around the hole. Although they reached an increase in the notched strength, the 

circumferential reinforcement was empirically inserted around the whole and no optimization was 

performed. Consequently, probably their design approach overestimated the mass of the specimen. 

In contrast to empirical placement of local reinforcement, rovings have been placed along pre-

calculated principal stress directions to decrease stress concentrations around the hole, here 

represented by OH-PS specimen. Calculating PS directions and place fibers along these directions, 

in which shear stresses are reduced as much as possible, does not really provides a global optimum. 

Consequently, this variation is herein considered as a reference fiber layout, although curvilinear 

fibers are placed along preferential directions to reduce stress concentrations around the notch. 

The predicted load vs. strain had similar trend when compared to the other two families of 

specimens, in which the load grows almost linearly up to the final failure. However, the damage 

onset suffered a delay when compared to the OH-UN specimen, where the damage was triggered at 

a strain of ≈ 0.4%, in which three steps further the fiber damage index was also activated, both in 

the base material at the top of the notch. A more evident load drop is observed at a strain of ≈ 0.6%, 

which was caused by propagation of damage in the fiber, growing from the top of the hole towards 

its right edge. Then, the damage in both matrix and fiber grow from that region towards the load 

application edge at an angle of ≈ 60°. Subsequently, the damage on the fiber direction keep growing 

in the bottom edge of the specimen, in which there is only base material at the presented plot in 

Figure 12c). As can be seen in Figure 12c), the extensive area of strain concentrations was shifted 

from the very edge of the hole toward the outside of the reinforcement. Differently from the OH-

UD specimen, there is matrix and fiber damage in the right edge of the hole, where there is no TFP 

layer in that area, and consequently the base material keeps supporting the applied load. 

Interestingly, the OH-PS specimen supports a maximum tensile load of 54.8 kN, which represents 

an enhancement on the notched strength of 33.4%. 

Amongst the notched specimens, the OH-SO reached the highest ultimate tensile load and 

ultimate tensile strain. This configuration has ultimate tensile load of 77.62 kN and failure strain of 

1.41%. Interestingly, OH-SO sample also has similar stiffness compared to the unnotched 
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specimen. These findings are very interesting, since optimizing for maximizing stiffness also 

improved both ultimate tensile load and ultimate strain. The combination of the ±45° base material 

with the optimized layer generates a laminate not prone to delaminate while having fibers carefully 

placed to maximize the longitudinal tensile load. 

The key difference on the findings for OH-PS and OH-SO specimens is that DFPO is a real 

optimization procedure, and hence it takes advantage of a local fiber angle and thickness 

optimization to reach the global optimum. On the other hand, placing fiber along principal stress 

directions minimizes the shear stresses, but the tensile load is not really aimed to be optimized by 

this simple optimization criterion. 

 

5. Discussion 

A correlation between numerical predictions through progressive damage analysis and 

experimental observations is herein discussed.  presents the notched strength (ratio between 

ultimate load and gauge section area) for all configurations in study experimentally and numerically 

determined. Here, the cross-section area at the horizontal axis of symmetry is chosen to determine 

the notched strength given the variable-thickness character of the specimens, especially at the gauge 

section. Analogously, calculating the area at the gross section would not be representative as the 

specimens have similar thicknesses at the areas far away from the hole. 

 

Figure 13. Comparison between experimental and numerical notched strengths for all laminates. 

 

It is worth mentioning the excellent numerical predictions via progressive damage analysis. The 

differences in the notched strength between numerical and experimental values are of 2.01%, 

7.80%, 1.29% and 4.08% for the UN-UD, OH-UD, OH-PS, OH-SO, respectively. This confirms the 

high-fidelity character of the damage models herein developed. Furthermore, the excellent 
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predictions can be attributed to the as-manufactured modeling and optimization characters, once 

both approaches take the characteristics of the TFP manufacturing process into account. 

In terms of stiffness and strength prediction of the PDM, they are also in harmony with the 

experiments. Figure 14 presents the stress × strain curves predicted with the PDM and a selected 

curve from each family of specimen for comparison purposes. As can be seen, the stiffness for all 

specimens is very well predicted from the models. For all specimens, as the damage is triggered, the 

stress × strain curve profiles slightly deviate from the experimental curves, but this fact can be 

attributed to natural deviations in manufacturing and testing. Nevertheless, both maximum stress 

and strain at failure are also in fully agreement when comparing predictions with experiments. 

As expected, the notched strength decreases substantially in the presence of the hole and keeping 

fibers oriented at 0° (OH-UD), representing a drop of 46.8% in notched strength compared to the 

unnotched baseline configuration (UN-UD). This is expected due to the high stress concentrations 

around the hole. This open-hole specimen (OH-UD) has a highly orthotropic behavior and the final 

failure was dominated by fiber failure. This failure mode is in agreement with the numerical and 

experimental observations for carbon/epoxy unnotched [33] and open-hole specimens [34] under 

longitudinal tension, where failure mechanisms were dominated by fiber breakage. 

The first strategy to increase the notched strength was carried out by placing fibers along 

principal stress directions (OH-PS). In initial FE analyses, it was observed that fibers at PS 

directions eliminated shearing of the matrix especially because the VA layer is stitched onto a base 

material layer (CFRP woven fabric) oriented at ±45°. However, a better performance was achieved 

when the PS layer was placed onto the ±45° base material layer, since matrix tension cracking was 

suppressed, and consequently matrix failure was minimized at the ultimate failure point for the OH-

PS configuration. As a consequence, the notched strength increased in 40.2% in comparison to the 

OH-UD specimen. This was achieved through a combination of the off-axis layer (base material), 

which assisted to keep the curvilinear layers orientation (experimentally mentioning). Numerically 

speaking, the presence of this ±45° orthogonal layer was beneficial to suppress matrix shearing. 

Another important consideration is that the fibers were placed along principal stresses of the layer 

and not of the laminate, making the iterative process to place fibers at PS directions likelihood to 

find the best solution with the design space. A similar strategy was carried out by Tosh and Kelly 

[19], although their approach was manually determined and less efficient the current one. Similar 

observations have been found by Zhu et al. [20], who manufactured and tested glass/epoxy open-

hole tensile specimens with local reinforcements produced via TFP around the hole. The local 

reinforcements, which were spirally and elliptically placed around the hole of the specimen, 

enhanced the notched strength of the laminate, however the unnotched configuration still performed 

better than the specimen with elliptical VA reinforcement. 
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Figure 14. Predicted and experimental load × strain curves for each family of specimen. 

 

Indeed, local reinforcement proved to be an excellent strategy to decrease stress concentrations. 

However, taking advantage of this strategy together with a reliable optimization framework and an 

as-manufactured finite element model, in which both local fiber angle and local thickness build up 

are likely to be optimized, the OH-SO specimen was designed, manufactured and tested, employing 

the DFPO optimization framework, which was developed based on the manufacturing 

characteristics of the TFP process. The optimized design has been translated into produced 

laminates keeping all characteristics derived from the optimization [23]. As a consequence, the 

notched strength of the unnotched baseline configuration is fully recovered, which was observed via 

both numerical predictions and experimental observations. In this case, the load balance of all 

rovings under tensile load is superior compared to the other configurations, especially compared to 

the OH-PS, whose strategy is not here considered as an optimization. As noted, both numerical and 

experimental analyses provided higher notched strength values for this specimen, namely 2.39 % 

and 8.76 %, respectively, when compared to the UN-UD baseline. 

 

6. Conclusions 

Notched strength and longitudinal tensile characteristics have been experimentally and 

numerically evaluated in unnotched and notched composites. Variable-axial composite laminates 

with fibers placed along the loading direction, principle stress directions and with fiber path locally 

optimized via a novel optimization framework called direct fiber path optimization (DFPO) have 

been: designed, manufactured, tested, and numerically modeled. Both FE model and optimization 
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framework take the manufacturing characteristics of the tailored fiber placement process into 

account.  

The notched strength decreased in ≈50% comparing the notched with unnotched sample; The 

configuration with fibers placed along principal stress directions increased the strength in 40.2%; 

nevertheless, the stress concentrations around the hole were eliminated only after optimizing the 

fiber path with DFPO, whose assumptions were supported by both numerical analysis and 

experimental observations, in which the notched strength for the OH-SO was even higher than the 

unnotched configuration. 

Digital image correlation (DIC) measurements were essential to assess the failure mechanisms of 

all laminates and confirm that the OH-SO sample has not stress concentrations around the hole. 

Furthermore, matrix shearing was eliminated in this specimen, which was achieved via a 

combination of the optimized fiber path plus the highly orthotropic ±45° base material layer, which 

suppressed delaminations. The experimental observations have been reproduced numerically via a 

progressive damage model, which captured very well the failure modes, stiffness and strength. 

Summing up, a methodology to eliminate the stress concentrations around holes have been 

demonstrated, which is extremely useful for aeronautical structures with cut-outs. The findings 

achieved here can be a design guideline for manufacturing notched fiber-reinforced components 

without the need of increasing the number of layers and, consequently, decreasing safety factors, 

resulting in lighter, greener and safer fiber-reinforced structures. 
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