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A B S T R A C T   

A new type of washer with integrated pin structures was developed and presented in a previous study for the use 
in mechanical joints of fiber-reinforced plastics (FRP) and metal sheets. Thereby, the pin-structured washer 
significantly increases the load-bearing capacity of mechanically joined FRP-metal combinations. To do so, the 
FRP hole area is to be relieved by transferring the occurring loads into the laminate via the pin structures. In 
thermoset FRP, the insertion of the pin-structured washer usually leads to fiber breaks. For fiber-reinforced 
thermoplastics (FRTP) the chance of fiber failures during the penetration process can be reduced by inserting 
the pin-structured washer via an ultrasonic-based locally invasive heating system. By doing this, the polymer is 
locally molten, allowing the fibers to move around the pin structures. However, the ultrasonic-based insertion 
does not allow visual observation of the fiber movement within the process. With the aim of getting information 
about the fibers, that are moved, stressed or broken depending on the pin tip geometries, a numerical investi-
gation was carried out. Therefore, a 3 × 3 twill model of a dry woven fabric segment based on a Bézier curve for 
yarn simplifications was developed. With respect to the molten polymer during the penetration process, the effect 
of the matrix was neglected. With consideration of necessary simplifications regarding the calculation time, the 
stress distribution on the dry woven fabric and a regular pattern of the damage situation of the fibers could be 
investigated. To understand the mechanisms of the fiber behavior within the penetration process, three different 
pin diameters and pin tip angles were examined and compared in numerical simulations.   

Introduction 

The use of fiber-reinforced plastics (FRP) has grown steadily over the 
last few years and is assumed to keep growing (Allied Analytics LLP 
2020). This is primarily due to the excellent mechanical properties 
combined with lightweight characteristics. With the aim of designing 
high-strength lightweight structures, multi-material solutions consisting 
of metal and FRP are increasingly being selected. Due to the use of the 
diverse materials, joining technology in particular is gaining in rele-
vance. Even though the use of high-performance adhesives is on the rise, 
mechanical joining processes are still the most popular joining tech-
nologies. A main problem here is the high stress concentration at the 
hole edge caused under load (Schürmann, 2007). Because of the low 
plasticity of FRP, minor loads already lead to failures of the FRP and 
consequently the joint. Therefore, only poor bearing-load capacities are 
the result. 

In general, the load-bearing capacities for FRP are significantly 

influenced by the clamp up load (McCarthy and Gray, 2011; Gianno-
poulos et al., 2017), the manufacturing processes (Zhou et al., 2013) as 
well as the bolt-hole clearances (Zhai et al., 2015; Egan et al., 2012). 
Thereby, the negative effects of the bolt-hole clearance in single-lap 
joints (McCarthy et al., 2002) can be affected by the size of the 
washers (Sajid et al., 2021). A new solution in increasing the bearing 
strength for mechanically joined FRP-metal combinations was investi-
gated by Heyser et al. (2020). Here, a new type of washer with inte-
grated pin structures was developed in order to relieve the FRP hole area 
by transferring the occurring loads into the FRP via the pin structures. In 
Fig. 1, the mechanism of load transfer by the pin structures is depicted. 
In addition, a pin-structured washer with 10 pins is exemplarily pre-
sented. The use of this 10-pin-structured washer increases the 
load-bearing capacity up to 47% compared to a mechanical joint using a 
conventional washer. 

Depending on the type of resin of the FRP, different approaches for 
the insertion of the pin-structured washer can be applied. For fiber- 
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reinforced thermosetting plastics, an insertion before the curing process 
is recommended. By using fiber-reinforced thermoplastics, an insertion 
with the use of a heating system is feasible. Thereby, an infrared radi-
ation or an ultrasonic-based heating system can be used (Droß et al., 
2019). Inserting the pin-structured washer into the viscous plastic en-
ables displacement of the fibers and prevents fiber fracture. 

In Fig. 2a Computer Tomography (CT) analysis of a pin-penetrated 
woven fabric (material: GF-PA6, thickness 2 mm) is presented. The 
figure shows the penetration imprint of a 10-pin-structured washer into 
the four layers of the laminate. For the insertion, an ultrasonic-based 
heating system was used. For this method, the overall process times 
are less than two seconds and upcoming insertion forces are less than 
100 N for each pin due to the molten polymer (Heyser et al., 2020). It 
can be seen that there is local displacement of fibers due to the pin 
penetration. 

At the same time, there is evidence of fiber damage. However, no 
detailed investigation in the fiber response by this pin penetration has 
been carried out yet. Therefore, this paper presents an approach for a 
microscale finite element simulation of a pin penetration in a dry woven 
fabric. The effect of the matrix is neglected in consideration of the 
molten polymer during the penetration process. In order to elaborate the 
influences of the pin tip geometry, different pin tip angles and pin di-
ameters are investigated. 

Modeling of woven fabrics 

Previous approaches 

In modeling textile composites, multiscale methods are usually used 

to describe the mechanisms at different scales (macroscopic, mesoscopic 
and microscopic). Typical macroscopic approaches are presented in 
Lambiase et al. (2016) and Drossel et al. (2013) where the clinching 
process between an aluminum sheet and a glass fiber-reinforced plastic 
(GFRP) laminate as well as a carbon fiber-reinforced plastic (CFRP) 
laminate was investigated. The numerical simulations show the de-
formations of the FRP and the changes in force of the joining process 
over time. Within these investigations, however, only models of the FRP 
layers are built. Therefore, no information about the behavior of the 
yarns or fibers are available. 

To get information about the global behavior of yarns, usually the 
mesoscopic level has been applied. In Ha-Minh et al. (2012) and Zeng 
et al. (2006) two fabric models with yarn structures were built and 
simulated under the impact from a high-speed metal projectile. Thus, 
the influence of inner friction between the yarns on the ballistic per-
formance of the fabric could be investigated. Furthermore, the defor-
mation and damage of the yarns inside the fabric during the impact of 
the projectile could be clearly demonstrated. Despite this, even these 
models do not offer any information about the fiber response. Microscale 
models need to be used in this case. At this level, nonlinear coupling 
effects naturally occur between loads and strains in different directions 
caused by interactions between the fibers. In Finckh (2004) and Finckh 
et al. (2004) the fabric manufacturing process as well as the fabric 
draping and fabric impact behavior was simulated for an aramid fiber 
fabric with a weft and warp density of 12.25 filaments/cm and a yarn 
grade of 1100 dtex. Each yarn was described by one central fiber and 16 
outer yarn surface fibers. While the results represent reality very effec-
tively, the simulations are still very time consuming and computation-
ally intensive (10 days for computing the fabric manufacturing process). 

Fig. 1. New type of auxiliary joining element: (a) Mechanism of action of the pin-structured washer in a mechanically joined FRP/metal single-lap combination with 
1. FRP, 2. Metal, 3. Screw and 4. Pin-structured washer; (b) pin-structured washer with 10 pins; 
(c) comparison of shear tensile forces between a screw joint with a pin-structured washer and a screw joint with a standard washer. 

Fig. 2. CT analysis of a pin-penetrated layup with 4 plies each 0.5 mm in thickness: (a) Ply 1; (b) ply 2; (c) ply 3; (d) ply 4.  
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Especially the contact modeling between the fibers leads to a high 
computation time as also shown in Durville (2009). Here, two weaving 
patterns, corresponding respectively to a plain weave and a twill weave, 
each made of 408 fibers, were investigated in a biaxial tensile test. In 
addition, the twill weave has been carried out in shear and bending tests. 
The simulations carried out in this study help to understand complex 
phenomena occurring at the microscopic scale of fibers. As before, more 
efficient algorithms and methods are required to solve the complex 
computational tasks. With respect to the simulation with a pin of the 
pin-structured washer into a woven fabric, the previously described 
approaches can only be partially used. 

Applied approach 

Within this study, a microscale model of a 3 × 3 twill fabric structure 
is built consisting of 32 fibers. In contrast to the previously described 
approaches, no preliminary weaving process is simulated nor a natural 
fabric structure generated by means of computationally intense contact 
requirements. Instead, a mesoscopic model of a 3 × 3 fabric structure is 
generated using the open-source CAD generator TexGen v3.11.0 (Brown 
and Long, 2021). The building of the yarn model is achieved by speci-
fying a yarn path with a series of vectors representing the centerline of 
the yarn. Arbitrary yarn paths can be rather simply described by the 
vectors and represent any interlacing pattern. To define the yarn surface, 
a two-dimensional shape cross-section is swept along the length of the 
yarn centerline. For converting the mesoscale model into a microscale 
one. the control points along the yarn centerlines were used as param-
eters for a cubic Bézier curve. The equation for a cubic Bézier curve is as 
follows: 

B(t) = (1 − t)3⋅P0 + 3(1 − t)2⋅t⋅P1 + 3(1 − t)⋅t2⋅P2 + t3⋅P3→0 ≤ t ≤ 1 (1) 

It also can be written in Cartesian coordinates: 

x(t) = (1 − t)3⋅x0 + 3(1 − t)2⋅t⋅x1 + 3(1 − t)⋅t2⋅x2 + t3⋅x3 (2)  

y(t) = (1 − t)3⋅y0 + 3(1 − t)2⋅t⋅y1 + 3(1 − t)⋅t2⋅y2 + t3⋅y3 (3) 

By using the coordinates of the control points in the Eqs. (2) and (3), 
any number of points along the Bézier curve can be calculated using 
MATLAB. Afterwards, a fiber model based on the calculated points of the 
Bézier curve can be created by using python scripting. In Fig. 3, the steps 
for building the naturally curved fiber model based on a mesoscale 3 × 3 
twill model are presented. 

Subsequent to the building of the single fiber model, a defined 
number of fibers needs to be assembled to form the yarn structure. 
Therefore, the yarn’s cross section created by TexGen is used and 

divided into a yarn centerline as well as a yarn surface. In a similar way 
as in Finckh et al. (2004), the yarn was described by one central fiber 
and a certain amount of outer yarn surface fibers (Fig. 4). 

In order to build up the 3 × 3 twill fabric model, six yarns were 
created by simply copying the first yarn model. Afterwards, the yarn 
models were compounded into the fabric model by using the parameters 
shown in Table 1. Thereby, the parameters for yarn spacing and yarn 
width were reduced from 4 mm to 3 mm and 2.8 mm, respectively, to 
reduce the model size and upcoming computation times. This is feasible 
since the fiber content relevant for pin entry is located in the center of 
the yarns. The fiber spacing was determined for this approach to reduce 
the amount of fibers. 

The thickness of the yarn model was slightly reduced in order to 
avoid intersection problems between the yarns. For the basic fabric 
model, the number of fibers was defined to one centerline fiber and 12 
outer yarn surface fibers. In Fig. 5 the process of modeling the 3 × 3 twill 
fabric model is shown stepwise. To reduce computation time and focus 
on the area relevant to the pin entry only, the two yarns in the middle of 
the fabric model were used for the following investigations. Hence, the 
number of fibers in the projection area of the pin was increased. 

The fibers on the edge of the yarns were retained to show the width 
of the yarn and a part of contacts. In addition, the upper and lower fibers 
in the same yarn were staggered to avoid direct contacts of the fibers 
that are on the same vertical plane. Due to that, the yarn centerline fiber 
was removed. In order to show the movements of the fibers that will be 
firstly affected by the tip of the pin, two extra fibers were placed on the 
upper layer of the yarn. The final model consists of two yarns each 
divided into eight fibers on the upper surface, seven fibers on the under 
surface and two fibers on the edge. In Fig. 6, the initial microscale fabric 
model with the fiber distribution for the two yarns is presented. For the 
pin model, a simplified axisymmetric geometry consisting of a cylinder 
and a cone with a curved tip is used. 

Fig. 3. Steps for deriving a microscale fiber model from a mesoscale yarn model: (a) 3 × 3 twill model created by TexGen; (b) naturally curved yarn model separated 
out of twill model; (c) naturally curved fiber model calculated by means of Bézier curves. 

Fig. 4. Fiber assembly for microscale yarn model: (a) yarn cross-section divided into yarn centerline and yarn surface; (b) fiber distribution along the yarn 
cross-section. 

Table 1 
Parameters of the 3 × 3 twill fabric model, based on (Ropers, 
2017).  

Parameter Value 

Number of warp yarns 3 
Number of weft yarns 3 
Yarn width 2.800 mm 
Yarn spacing 3.000 mm 
Fabric thickness 0.500 mm 
Fiber spacing 0.750 mm 
Fiber diameter (E-glass) 0.018 mm  
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Mesh and material settings 

Compared to the pin model, the fiber model is extremely thin. 
Therefore, the number of mesh elements on each fiber will have a great 
impact on the calculation efficiency of the entire simulation. The pin 
model is set as a rigid body and since the material properties of the pin 
will barely affect the results of the simulation, the material properties of 
the pin are based on the common characteristics of steel. Global seeds 
and part meshing are used for meshing the pin model. In order to avoid 
“pass through problems” between the fibers, they are finely meshed each 
with 5052 vol elements. The center part of the fibers is within the focus 
of the simulations, so the fiber model is divided into three parts with the 
help of datum planes. While the amount of elements in the outer parts 
are reduced, the center part has an increased number of elements. 

For this study, the material of the fiber is considered to be isotropic. 
The parameters used in the simulations are shown in Table 2. 

The tensile strength of glass fibers is defined in the literature in a 
range between 1800 MPa and 3200 MPa. In a review by Thomason et al. 
(Thomason et al., 2016), the presence of flaws or defects can massively 
influence the strength of a fiber. In this study, the fibers are assumed as 
flawless for simplification. However, with respect to the possibility of 
defects, a reduced maximum tensile strength of 2700 MPa is set. The 
strength of E-glass fibers is effected by the temperature. It was already 
shown in Sakka, (1956) and Cameron (1965) that the tensile strength of 
an E-glass fiber will decrease while temperature is increasing. As 
described in Chapter 1, an ultrasonic-based heating system was used for 
the pin penetration of the washer into the woven fabric. Thereby, peaks 
in temperature above 250 ◦C can be reached. In the research of Feih 
et al. (2011), the tensile strength of a single fiber subjected to a heat 
treatment between 150 ◦C and 250 ◦C barely changes with increased 
heating time. The strength loss within the heating treatment is around 
10%. Thus, the reduction of the maximum tensile strength by 15% 
relative to the maximum value of 3200 MPa reported in the literature is 

considered sufficient. 
As a stress-based failure criterion, the von Mises criterion is used, in 

order to describe the fiber behavior under the pin penetration. The von 
Mises criterion is usually used for ductile materials but is also applied for 
brittle material. This theory states that a ductile material will yield when 
the distortion (strain) energy per unit volume of the material exceeds the 
distortion energy per unit volume of the same material at the yield point 
in a simple tension test (Jones, 2009). The von Mises stress is able to 
show this energy state, which means that when a part of the von Mises 
stress of the material exceeds the maximum tensile stress of this mate-
rial, a damage will occur. Due to the fact that glass is a brittle material, a 
damage will occur without a significant plastic deformation before 
yielding. So, in the linear elastic model applied to this study, a fiber is 
classified as broken once an element reaches the value of the specified 
maximum fiber tensile strength (2700 MPa). 

Results and discussion 

The penetration process is simulated using the Abaqus/CAE 2019 
explicit module by having a step time set as 0.03 s in order to reduce 

Fig. 5. Stepwise evolution of modeling the 3 × 3 twill fabric model in microscale: (a) mesoscale yarn model; (b) microscale yarn model; (c) compound of 6 
microscale yarn models. 

Fig. 6. Initial microscale fabric model for pin penetration investigations: (a) Fabric model with two yarns and pin; (b) fiber distribution in each yarn.  

Table 2 
Material property settings.  

Part Type Density Young’s 
modulus 

Poisson’s 
ratio 

Max. tensile 
strength 

Pin Isotropic 7.8 e-9 ton/ 
mm3 

210 000 
MPa 

0.3 – 

Fiber Isotropic 2.6 e-9 ton/ 
mm3 

72 000 MPa 0.2 2 700 MPa  

Fig. 7. Stepwise illustration of the penetration process into the initial micro-
scale fabric model. 
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computing time. Within the simulation, the pin is constrained to move in 
vertical direction (z-axis) only. Thereby, the speed of motion is defined 
as 50 mm/s, and a maximum penetration distance of 1.5 mm is taken 
from experimental data (Heyser et al., 2020). For reasons of simplicity, a 
general contact is chosen. With respect to occurring frictions, the coef-
ficient is set as 0.4. All fibers are fixed on their outer faces, while other 
parts are free to move. In Fig. 7, the penetration process is presented in 
three steps. It is evident that mainly three types of fiber behavior 
resulting from the pin entry can be identified. On the one hand, there are 
fibers that are in contact with the tip of the pin and follow the vertical 
movement, and on the other hand, fibers that are pushed to the side. The 
laterally displaced fibers, moreover, can be divided into fibers that are 
completely displaced and fibers that accumulate at the pin. 

To observe the fiber behavior at the pin tip and at the transition 
between cone and cylinder in a differentiated manner, three different 
models were investigated. Therefore, in one model, there are no fibers in 
the central area of the upper yarn, but there is a higher fiber density 
around it. The other model, meanwhile, consists of simply one yarn and 
has fibers in the central area of the yarn only. The different fabric models 
are presented in Fig. 8. 

As a first step in this study, the deformation and stress distribution of 
the different fabrics and their fibers under the effect of the pin pene-
tration are analyzed. Therefore, a series of so-called critical points were 
selected, represented by the most stressed elements of the fibers in the 
center of the yarn. The elements chosen are located at the intersection 
points of the fibers. It is assumed that the highest load is applied at the 
point where the pin tip touches the attached fiber. However, due to the 
complicated deformation of the fibers, some of the fibers rotate and 
twist, resulting in the fact that the stress value recorded at the obser-
vation point does not accurately reflect the change in stress at the fiber. 
For such cases, the contour of the deformed model is included in the data 
analysis, and the query functions are used to determine the exact stress 
value for a given mesh element. In order to observe the fiber response for 
different pins, the control variable method is used. Here, the variables 
are the pin diameter dPin as well as the pin tip angle φTip. To keep the 
round tip of the pin unchanged, the radius of the tip is set to 0.2 mm. In 
Table 3 the varied pin parameters are listed. 

Secondly, the damage situation occurring due to the pin penetration 
has to be analyzed. Therefore, the damage levels of the fibers were 
divided into three types, “loosened, “stressed” and “broken” (Table 4). 
For the loosened fibers the maximum in stress is set as less than 1000 
MPa. Stressed fibers are defined to have their highest stress between 
1000 MPa and 2700 MPa. Those fibers having their highest stress above 
2700 MPa are described as broken. 

A qualitative comparison of various pin geometries on the initial 
fabric model is presented below. Thereby, the fiber displacement due to 
the pin is compared in Fig. 9 by viewing the x-y plane. The comparison 
of Fig. 9(a) with Fig. 9(b) shows almost no differences in fiber 
displacement. However, at the outer edge of the pin, the larger diameter 
of the pin in Fig. 9(b) leads to a reduced accumulation of the displaced 

Fig. 8. Variations of the fabric models viewed: (a) Initial fabric model; (b) first variant of fabric model; (c) second variant of fabric model.  

Table 3 
Variable groups of the pin.  

Variable group 1 Initial size 25% larger 50% larger 

Diameter dPin  1.2 mm 1.5 mm 1.8 mm 
Angle φTip  90◦ 90◦ 90◦

Variable group 2 Initial size smaller by 30◦ larger by 30◦

Diameter dPin  1.2 mm 1.2 mm 1.2 mm 
Angle φTip  90◦ 60◦ 120◦

Table 4 
Fiber damage levels.  

Damage level Loosened fiber Stressed fiber Broken fiber 

Highest stress occurred σmax < 1000 MPa  1000 MPa ≤ σmax ≤ 1000 MPa  σmax > 2700 MPa   

Fig. 9. Fiber displacement depending on dPin and φTip for the initial fabric model: (a) dPin = 1.2 mm, φTip = 90◦; (b) dPin = 1.8 mm, φTip = 90◦; (c) dPin = 1.2 mm, φTip 
= 120◦
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fibers. In contrast, the increased pin tip angle with a small pin diameter 
in Fig. 9(c) causes only minor fiber displacement. The first two pin 
variants displace almost all central fibers in both yarns, whereas the last 
variant barely displaces the fibers of the lower yarn. This qualitative 
comparison, though, only shows the lateral displacement of the fibers. If 
this is small, a strong fiber bending in the z-direction can be assumed. 

In order to analyze the stress distribution by the pin penetration 
quantitatively, the initial fabric model as well as the first variant fabric 
model were used. Here, two yarns are present, each having an upper and 
a lower surface. The highest stress values, therefore, have to be deter-
mined on a total of four layers of fibers. As mentioned above, the stress 
values are extracted out of critical element cells along the fiber inter-
section points. Fig. 10 shows the distribution of maximum stresses for 

the initial fabric model with dPin = 1.2 mm and φTip = 90◦ for the upper 
and lower yarns as a function of fiber position in the yarns. Thereby, the 
center of the yarn is at the fiber position 0. The diagram clearly shows 
that the maximum in stress is reached at the pin tip and decreases next to 
it due to the pin tip angle. By comparing the maximum stresses with the 
maximum tensile strength of a fiber, it becomes clear that most of the 
fibers in the upper and lower yarn will be broken when the pin is 
inserted. In Fig. 11 the stress distribution of maximum stresses is pre-
sented as a function of fiber position in the yarns for the upper and lower 
yarns using the initial fabric model with dPin = 1.8 mm and φTip = 90◦

In comparison to Fig. 10(a), the maximum stress is significantly 
higher for the central fibers of the upper yarn. Furthermore, a reduction 
of the outer fibers below the maximum tensile strength can be seen. This 

Fig. 10. Stress distribution for the initial fabric model with dPin = 1.2 mm and φTip = 90◦: (a) Upper yarn; (b) lower yarn.  

Fig. 11. Stress distribution for the initial fabric model with dPin = 1.8 mm and φTip = 90◦: (a) Upper yarn; (b) lower yarn.  

Fig. 12. Stress distribution for the first variant fabric model with dPin = 1.8 mm and φTip = 90◦: (a) Upper yarn; (b) lower yarn.  
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is due to the displacement of the fibers, which was described in Fig. 9(b). 
However, for the lower yarn a similar situation as in Fig. 10(b) is ob-
tained, since the same pin tip angle is applied. Fig. 12 shows the dis-
tribution of maximum stresses for the first variant fabric model with dPin 
= 1.8 mm and φTip = 90◦

It can be seen that without the heavily loaded fibers no maximum 
tensile strength is achieved in the upper yarn. The maximum stress in the 
upper yarn measured is 2397.9 MPa at the fiber position − 0.25 mm. The 
lowest maximum stress was determined in the position 0.5 mm with 
1568.3 MPa. In addition, for the lower yarn, it can be observed that the 
occurring fiber stresses are higher than for the fibers in the upper yarn. 

This is caused by the fibers in the upper yarn being pushed sidewise and 
sliding upwards along the surface of the pin. 

In the following, the results for the different damage situations 
depending on the pin diameter and the pin tip angle are presented. 
Fig. 13 shows the effect of the pin’s diameter onto the initial fabric 
model as well as the first variant fabric model. As expected, it can be 
seen that increasing the pin’s diameter leads to a reduced amount of 
displaced fibers. At the same time, more fibers will be stressed. However, 
the amount of broken fibers for the diameters investigated is the same. 

In Fig. 14, the damage situations under pin tip angle changes are 
illustrated for all three fabric models as well as a combination of the first 
and second fabric model. The results here show that increasing the pin 
tip angle will result in more broken fibers. In comparison, a smaller pin 
tip angle results in a greater number of displaced fibers. 

A comparison of the different simulations, which have considered 
the influence of the pin diameter, is shown in Table 5. Thereby, the fiber 
damage distribution is presented in percent as a function of the pin 
diameter. This distribution is based on results for the combination of the 
first and second variant of the fabric model. Regardless of the pin ge-
ometry, once the pin is inserted into the FRP sheet or layer, the fibers 
will be damaged and even broken. The fibers closer to the pin are more 
stressed and more vulnerable to damage. Furthermore, the earlier the 
fibers are able to slide away along the surface of the pin, the safer are 
those fibers. The extent of the damage done to the fabric will change 
with different shapes of the pin. Within this study, the pin’s diameter 
range does not affect the number of broken fibers, but the number of 
stressed fibers is strongly affected. The ratio of broken fibers with all 
kinds of pin is 45.8% and the ratio of stressed fibers with the initial pin is 
29.2%. When the diameter of the pin is increased by 25%, the ratio of 

Fig. 13. Damage situations under diameter changes with φTip = 90◦: (a) Initial fabric model; (b) first variant of fabric model.  

Fig. 14. Damage situations under pin tip angle changes with dPin = 1.2 mm: (a) Initial fabric model; (b) first variant of fabric model; (c) second variant of fabric 
model; (d) combination of first variant and second variant of fabric model. 

Table 5 
Fiber damage distribution in percent as a function of pin diameter for the 
combined first and second variant of fabric model.  

Damage level Initial (1.2 mm) 25% larger (1.5 mm) 50% larger (1.8 mm) 

Loosened fiber 25.0% 12.5% 4.2% 
Stressed fiber 29.2% 41.7% 50.0% 
Broken fiber 45.8% 45.8% 45.8%  

Table 6 
Fiber damage distribution in percent as a function of pin tip angle for the 
combined first and second variant fabric model.  

Damage level Minus 30◦ (60◦) Initial (90◦) Plus 30◦ (120◦) 

Loosened fiber 41.7% 25.0% 12.5% 
Stressed fiber 45.8% 29.2% 20.8% 
Broken fiber 12.5% 45.8% 66.7%  
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the stressed fiber is increased up to 41.7%. Increasing the diameter of 
the pin by 50% increases the ratio of stressed fibers up to 50%. A reverse 
behavior is seen in the loosened fibers. While 25% of the fibers are being 
released in the initial pin, a 50% larger pin diameter causes the ratio of 
released fibers to be reduced to only 4.2%. 

Unlike the diameter of the pin, the angle of the pin tip will massively 
affect the number of broken fibers and the number of loosened and 
stressed fibers. A comparison of the different simulations, which have 
considered the influence of the pin tip angle, is shown in Table 6. The 
ratio of broken fibers with the initial pin is the same as above. When the 
angle of the pin is increased by 30◦, the ratio of broken fibers increase up 
to 66.7%. Reducing the pin tip angle by 30◦ results in a lower ratio of 
broken fibers to 12.5%. At the same time, a smaller pin tip angle will 
lead to a greater percentage of stressed and loosened fibers. 

In order to conclude the results, it becomes evident that changing the 
pin tip angle of the pin has a greater effect on the extent of damage to the 
FRP than changing the pin’s diameter. Of course, the larger the pin’s 
diameter, the more fibers are stressed and may lead to negative effects 
on the mechanical properties of the FRP. Furthermore, the sharper the 
pin tip, the less fibers will be broken. Provided that the strength of the 
pin structure is sufficient, a pin structure of the pin-structured washer 
should be manufactured as thin and sharp as possible. 

Conclusions 

This study presents an approach to build up a less computing-intense 
microscale fabric model as well as numerical analysis of a pin penetra-
tion into this model. Since no optical analysis in situ the ultrasonic-based 
penetration process is feasible, the aim was to visualize the fiber 
behavior within this model and to improve the understanding about the 
occurring mechanisms. Therefore, different fabric models and different 
pin geometries were carried out. The analysis and results of this study 
have shown a clear outline of the deformation, stress distribution and 
damage situation of the fibers and the fabric. The data are all in a 
reasonable range and are in agreement with the expected results. 
Because of the symmetric shape of the pin model and the insertion po-
sition, the highest stress area on the fabric is in the middle of the yarn. In 
case the insertion position is changed (or the model is modified), the 
area with the highest load is still expected to be located directly under 
the tip of the pin structure. 

Due to the characteristics of the initial fabric model and the friction 
between the fibers, the fibers in the under yarn will keep moving with 
the fibers in the middle of the upper yarn. This situation causes a 
problem that the critical stress value of 2700 MPa appears on some fibers 
that should not have the critical value. Therefore, some fibers are indi-
cated as broken, although they are not supposed to be broken at all. 
However, by introducing the two different fabric models and combining 
them, the data allowed a better evaluation of the damage state. In order 
to simplify the simulation, the fiber model is set as unbreakable, which 
means the fiber model only deformed under the external load and force. 
To obtain a more realistic result, an increase in the number of fibers as 
well as the use of individual contact conditions would be feasible. In 
addition, the use of continuous damage mechanics as well as element 
deletion techniques could be implemented. Here, an isotropic damage 
model (Zhou et al., 2014) could be used for controlling element deletion 
of the fibers. Further research on the fiber response of pin penetration 
should be done based on this modeling method using detailed material 
data and validated with experimental tests. In general, the method of 
modeling as well as the analysis of the simulation results meet the needs 
of the investigation target. 
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