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Abstract

A combined method of discrete event and agent based modelling has been applied to the computer
modelling and simulation of the tensile strength of one-dimensional fibrous materials (ODFM).
This combined method is based on the concept of discrete event simulation as being applied to the
modeling of the structure of the fiber flow and on the concept of agent based modelling for model-
ling and simulation of the fiber interaction within the structure of the fibrous material. Frictional
and traction forces arise as the result of this fiber interaction. A model of the ODFM tensile
strength, which is based on the slippage effect, is created and studied in this research. Only fric-
tional and traction forces determine the tensile strength in this kind of the model. The article ex-
amines the validation problem of the slippage effect based tensile strength model and questions
regarding the strength potential estimation through variation in the parameters of the model.
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1. Introduction

Tensile strength is one of the most important characteristics of fibrous materials. Various approaches and me-
thods of tensile strength analysis and prediction have been developed and evaluated [1]-[4] over the last few
years. The complexity of the strength research problems is determined by the fact that mechanical properties,
including tensile strength, are the result of random and non-linear interactions of a huge number of fibers in the
structure of the fibrous material [5]-[11]. Traditional methods that study the mechanical properties of fibrous
materials are based on analytical modeling [12]-[17] or on regression models and models of artificial intelli-
gence which in their turn are based on experimental data [3] [18]-[20]. These models do not take into account
the characteristics of individual fibers and interactions between individual fibers. An analysis of the results ob-
tained by analytical or regression models leads to the conclusion that these approaches have exhausted them-
selves. This leads to the development of a new approach to the study of the tensile strength problem and the cre-
ation of a new class of tensile strength models.

This new approach [21] is based on the idea of keeping track of each individual fiber in the structure of the
one-dimensional fibrous materials (ODFM) and to analyze the interactions between separated fibers as tensile
strength is a consequence of these fiber interactions. When developing a new approach it is extremely important
to take into consideration that the individual fibers are structural elements of fibrous materials, and that the
structure of a fibrous material is a flow of fibers which are oriented along the ODFM length. This circumstance
has been taken into consideration in developing new models of ODFM within the concept of discrete event si-
mulation (DES) [22].

An interaction between separated fibers can be described and represented in the framework of agent based
modeling [23]-[25]. The agent based approach allows one to consider each individual fiber as an active agent
with its own specific location, random shape (crimped fibers), and its individual behavior in the fiber flow (fiber
population). The fiber behavior can be described as a set of fiber activity parameters and the tensile strength of
the fibrous material is the result of the fiber/agent interactions.

The logical sequence of the tensile strength study within the proposed approach can be represented as a series
of sequential steps in which the parameters of the model are determined or the simulation algorithms are imple-
mented: the fiber parameters—the fiber flow parameters—the fiber flow simulation—parameters of the fiber/
agent interaction—maodification of the fiber flow structure due to the fiber interaction—the fiber contact analy-
sis—the contact based zero-order model—the twist effect and the friction forces simulation and analysis—the
friction forces based first order model.

Thus the model of the fibrous material’s strength is a combined two-layer model. The first level of this model
is the sub-model of a random fibrous structure (fiber flow) which can be realized through the DES approach. In
the framework of the first level sub-model, which is built on the idea of DES, fibers/agents are presented in the
form of parallel line segments. The length of this line segment is the only characteristic of the fiber at this first
level. The DES approach allows generating a flow of fibers with any given distribution of this characteristic.
Each fiber is an agent in the framework of the agent based modelling concept. The random fibrous structure ob-
tained as a result computer aided simulation is an environment in which the fibers interact.

The parameters of the flow of fibers affect the strength of the fibrous material and are taken into account in
the first level model. The nonlinear dependence of the number of fibers in the cross section on the fibers front
ends and on the fiber lengths distribution is implemented in the ODFM DES-model [26]. The number of fibers
in the cross section, the fiber length and twist multiplier are the most important parameters that determine the
number and the length of the contacts within the structure of the ODFM and hence its tensile strength [27].

The second layer of the combined tensile strength model is a sub-model of fiber interactions. This sub-model
is realized in this paper in the framework of agent-based modeling. When modeling tensile strength at the level
of the interaction between separated fibers within the structure of the fibrous material, it is absolutely necessary
to take into consideration the 3D shape of the fiber and the change of this shape as a result of fiber migration. In
this case, in our view, it is useful to consider each individual fiber as an active agent (fiber/agent). Its ability to
change location in the cross-sections of the one-dimensional fibrous materials along the length of the material is
the new property of the fiber/agent in the framework of a tensile strength problem. However, it should be bear in
mind that the agent-based part of the model is designed to play random contacts between the fibers, rather than
studying the physical effects arising from the contact of the fibers. These effects are well studied and are not the

object of this paper.
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In this way, substitution of the passive fiber/agent in the model of the mass irregularity (first level model) by
the active fiber/agent in the tensile strength model (second level model) is equivalent to the transition from a
one-dimensional model to a three-dimensional model. This kind of three-dimensional model enables considera-
tion of the properties and characteristics of each individual fiber in the structure of the fibrous material.

Algorithms and implementation of the combined discrete event and agent based model of the ODFM tensile
strength are presented in [21]. This model describes the fiber/agent interaction depending on a generalized pa-
rameter—the activity within the exchange processes. The model considers several types of fiber/agent exchanges
and allows modeling nonlinear effects in the fiber/agent exchange processes.

The nature of the effect which leads to the breaking of the ODFM is essential to the modeling and simulation
of tensile strength. The relationship between the fiber strength and frictional forces allows determining three
types of tensile strength models: (A)—a slippage effect model, (B)—a fiber break effect model, and (C)—a
mixed slippage and fiber break effect model.

The images of the broken end structures, presented in [28] and shown in Figure 1, give a clear understanding
of these three effects. The slipped broken end on Figure 1 corresponds to the slippage effect model; the sharp
broken end corresponds to the fiber break effect model, and the tapered broken end corresponds to the mixed
slippage and fiber break effect model.

A combined discrete event and agent based approach enables the construction of the tensile strength model
for types A, B, and C; but the algorithms for simulation and prediction of the tensile strength are very different
for each of these three types of models.

Due to the complexity of modeling and simulation in the framework of one generalized model of the above
mentioned effects, it is entirely reasonable to study them separately. A model based on the slippage effect, is
presented in this paper. This type of strength formation is peculiar to fibrous materials with a low value of twist,
like roving, sliver etc. In such fibrous materials, the friction and traction forces between the fibers are less than
the fiber strength, so the fibrous material tensile strength is determined only by these forces.

It should be noted that a separate study of the slippage effect and the fiber breakage effect, which is very ef-
fective and reasonable on the stages of modeling and simulation, is not realizable practically during the stage of
experimental studies. Simultaneous development and study of the model based on both effects seems to be an
almost impossible task. However, in nature both effects occur simultaneously and their separation is not feasible.
Thereby, experimental testing and calibration will be possible only on the basis of the mixed model.

The combined discrete event and agent based model of the ODFM tensile strength examines three types of
fiber/agent exchanges which take place in every cross-section of ODFM: exchange between the fibers (F/F ex-
change), exchange between the fiber and a hole within the cross-section (F/H exchange), and the substitution of
the hole by a new fiber (NF/H exchange) [21]. The concept of the fiber/agent activity in the exchange process
has been used to model these three types of exchanges. This activity can be interpreted as an individual ex-
change probability for the fiber or hole and can be represented as a specific characteristic with uniform distribu-
tion on interval (0, 1). The fiber exchange algorithm actually reproduces the migration process within the struc-
ture of the ODFM with the only difference that the initial fiber shape is represented as a line segment. The si-
mulation of the migration of fibers is a side effect of the simulation of the fibers interaction in the framework of
the agent-based model associated with the slippage effect. The model provides a calculation of the following in-
dicators of migration: Mean Fiber Position, Mean Migration Intensity, Migration Frequency, and Migration
Factor.

An application of the concept of the fiber/hole activity in conjunction with a number of supplementary

Figure 1. Classification of broken end structures: (a) sharp broken end, (b) tapered broken end, (c) slipped broken end [28].
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conditions is the basis for the modeling of all three types of exchange in the cross-section of a fibrous material.

The strength of the ODFM, in the framework of the slippage model, primary depends on the friction forces
within the structure of the ODFM, which arise in turn due to contacts between the fibers. The length of contact,
without taking into account the pressing force between the fibers, provides only a limited view of the strength of
the ODFM. In this sense, the contact length can be interpreted as the output of zero-order models. A minimal
value of the total contact length from both sides of the cross-section is the strength characteristic in the frame of
this zero-order model. The first-order model specification is associated with the friction between the fibers. The
slippage effect occurs when the tension force exceeds the force of static friction.

Such approach to the problem allows modeling not only cross-section tensile strength but also segment-
strength tensile strength [16] that is the minimum value of the function of the cross-section strength over the
length of the segment.

2. The Validation Problem of the Slippage Effect Based Model

The complex structure of the strength model and the large number of its parameters affecting the behavior and
responses of the model, make it necessary to check the consistency of the model responses to variation of its pa-
rameters. This model consistency checking is known as the validation problem in the field of computer simula-
tion [22] [29]. Though the model validation takes on many forms, the main goal of this stage is to make sure that
the model has a property, which is called “face validity”. “If the simulation results are consistent with the per-
ceived system behavior, then the model is said to have face validity” ([22], p. 281). Within the framework of the
face validity test, it seems reasonable to freeze the initial state (working point), vary the model parameters alter-
nately, and observe and analyze the model behavior. This model behavior, manifested in its responses to the
change of the parameters (number of contacts between fibers, packing density, number of holes, dimension of
cross-section etc.) should not contradict the ideas about the mechanism of the strength formation, which were
laid down in the development of the model. All results obtained with these face validity tests should be explain-
able in terms of physical concepts about the fibrous material strength.

As noted above, calibration and adjusting of the slippage effect based strength model is extremely compli-
cated because the slippage effect and the effects of fiber breaking exist simultaneously and are practically inse-
parable [21]. Furthermore, Standard Test Methods [30] do not allow distinguishing the slippage and fiber break
effects.

The mixed C-model is an integration of these two types of strength models. The face validity testing is a sine
qua non of such integration. This test should include checking of the integrated models with marginal (boundary)
values of the parameters. In its turn, “marginal tests” allow estimating the potential of the strength model and the
relative level of effectiveness of the structure of the fibrous material. In this connection, the problem arises of
estimating the maximum allowable strength values (strength potential) of the zero and first order slippage effect
based models [21].

2.1. Marginal Values of the Model Parameters

The most significant parameters of the model, which determine the exchange processes of types F/F and F/H,
are the critical value of the fiber exchange activity—CA, the fiber exchange threshold—CT, and the critical val-
ue of the hole activity—HA [21]. As follows from the description of the modeling algorithm, there are marginal
values of the basic parameters that correspond to a specific exchange condition. The data describing the rela-
tionship between the rate of exchanges of types F/F and F/H, on one hand, and the marginal values of the basic
parameters of the exchange processes, on the other hand, are presented in Table 1. In this table, the value “max”
of the exchange intensity corresponds to the maximum possible exchange intensity when removing all restric-
tions from the fibers participating in the exchange processes. The value “0” means there is no exchange.

This table is based on the representations about the exchange mechanism, which were laid down in the de-
velopment of the model, and was used as the basis for testing face validity of the tensile strength model [21].

Prior to testing the strength model, simulation of the ODFM with the following parameter values was carried
out: normal distribution of the fiber length with average fiber length (FLmean) of 30 mm and standard deviation
(Fstd) of 3 mm; exponential distribution of the fiber front ends with the average distance between these ends
(TB) of 1 mm. These parameters of the ODFM model have been used as a basic set of parameters for testing and
validation of the ODFM model [26]. The same ODFM model was used for the tensile strength model validation.
A file containing the coordinates of the front and back ends of 5000 fibers within a 5000 mm specimen length
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Table 1. Exchange rate for marginal values of the model parameters.

CA CT HA FIF F/H
0 0 0 max max
0 0 1 max 0
0 1 0 0 0
0 1 1 0 0
1 0 0 0 max
1 0 1 0 0
1 1 0 0 0
1 1 1 0 0

has been obtained as a result of the ODFM simulation.

2.2. Effect of the Fiber Exchange Threshold

As noted above, inclusion of the fiber exchange mechanism into the ODFM maodel allows transforming the one-
dimensional model of the fiber flow to a three-dimensional model of the tensile strength. This transformation is
absolutely required because in the framework of the one-dimensional model it is absolutely impossible to de-
scribe and simulate various effects of fiber interaction. In the framework of the three-dimensional model the fi-
ber has a random shape (crimp fiber). This random fiber shape is presented here as a result of the fiber exchange
processes. The random fiber shape determines traction the forces between the fibers, which together with the
frictional forces between the fibers in its turn determine the tensile strength. The behavior of the fibers/ agents in
the exchange processes depends on its individual values of the activity parameters, critical values of the fiber
exchange activity—CA and the hole exchange activity—HA (holes in the cross-section which are replaced by
fibers are considered as agents), and the fiber exchange threshold—CT [21]. The fiber exchange occurs when a
difference of the contacting fibers activities exceeds the fiber exchange threshold. This threshold in substance is
the global parameter of the ODFM’s tensile strength model but not parameter of the individual fiber/agent.

A series of experiments on the model have been carried out in order to face validate the model behavior and
its responses. It was assumed that every fiber and hole in each cross-section of ODFM can participate in the ex-
change processes. An excess of the fiber exchange threshold CT was a necessary condition of the fiber and holes
exchanges. The fiber exchange threshold has been selected as the criterion for face validation, as it is a key pa-
rameter which determines the intensity of both types of exchange—the fiber/fiber exchange and the fiber/hole
exchange. In the series of tests (Table 2) the threshold CT has been varied over the entire range of possible val-
ues (0 - 1) with increments of 0.1.The values of thresholds of the fibers and holes activity were constant (CA =0
and HA = 0). The data shown in Table 2 was obtained by averaging the results of 10 consecutive computer si-
mulations in accordance with the conclusions of the statistical analysis presented in [21].

Table 2 contains the values of the total number of exchanges (TNE), average number of the exchanges per fi-
ber—AEPF, relative average number of exchanges per fiber—RAEPF (RAEPF = AEPF/FLmean), total number
of holes (TNH), and average number of holes per cross-section—AHPCS (AHPCS = TNH/NCS = TNH/4800).
The transient processes in the “heating” and “cooling” phases of the ODFMs simulation model were excluded
from the data. The length of the transition process was determined as a result of preliminary runs of the ODFMs
model and was evaluated as100 mm (cross-sections). This duration of the transition process is on the order of
three average fiber lengths and is characteristic for the linear dynamic systems of the first order. After exclusion
of the transient processes from the simulation data, the active part of the simulated ODFMcontains4800
cross-sections.

The results shown in Table 2 are fully consistent with the expected model responses. When CT = 0, there are
no restrictions on the fiber and hole activities and the number of exchanges of the types F/F and F/H is at a
maximum (TNE = 123848) and consequently the number of the holes is at a minimum (TNH = 12933).

With increase of the fiber exchange threshold, a percentage of fibers which participate in the exchange process
decreases. The relative number of exchanges per fiber per cross-section (RAEPF = AEPF/(FLmean-1)) (Figure 2),
and the total number of exchange of the both types decrease and, therefore, the total number of holes and the aver-
age number of holes per cross-section increase (Figure 3). This behavior of the simulation model responses



A. Cherkassky, E. Bumagin

RAEPF

Figure 2. Decrease in the relative number of exchanges per fiber per cross-

section (RAEPF) with increasing the fiber change threshold (CT).
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Figure 3. Increase in the average number of holes per cross-section (AHPCS)
on reducing the fiber activity by increasing in the fiber change threshold (CT).

Table 2. Impact of fiber exchange threshold (CA = HA = 0).

CT TNE AEPF RAEPF Pre TNH AHPCS
0 123,848 25.80 0.890 1.000 12,933 2.69
0.1 96,818 20.17 0.696 0.810 13,924 2.90
0.2 70,387 14.66 0.506 0.640 13,968 291
0.3 46,596 9.71 0.335 0.490 14,497 3.02
0.4 29,363 6.12 0.211 0.360 15,075 3.14
0.5 17,972 3.74 0.129 0.250 16,051 3.34
0.6 10,945 2.28 0.079 0.160 17,100 3.56
0.7 6178 1.29 0.044 0.090 18,727 3.90
0.8 2915 0.61 0.021 0.040 20,230 4.21
0.9 775 0.16 0.006 0.010 21,211 4.42
1 0 0.00 0.000 0.000 22,329 4.65
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on variation of the fiber exchange threshold indicates consistency between the simulation algorithm and the si-
mulation software implementation.

In addition to the model responses, Table 2 contains theoretical values of the exchange probability PrE for
different values of CT. These values of the exchange probability were obtained by analyzing the distribution of
the difference between the fiber activities |Pmax —leax| = AP with the uniform distribution of the fiber ex-
change activity on the interval (0,1). It can be shown that this distribution is a special case of Simpson’s distri-
bution [31]:

PDF (AP)=2(1-AP),0<AP <1 1)
The probability of exchange at a given value of the fiber exchange threshold CT is:
PrE = [._PDF (AP)d(AP)=(1-CT)’ @)

Over the whole range of the fiber exchange threshold the simulation results are less than the estimated theo-
retical values. This fact, in our view, it does not refute the validity of the model but it is associated with the fol-
lowing circumstances.

Fibers at the periphery of the cross-section have less than six fibers in their environment. Consequently, some
of the peripheral fibers do not find a “partner” for the mutual exchange and are not involved in the exchange
process seven if CA = HA = CT = 0. This leads to a reduction in the relative number of exchanges per fiber per
cross-section—RAEPF value compared to the theoretical values of the exchange probability—PrE.

Besides, there may be a situation where some of the fibers” do not find a partner” for the mutual exchange
within the internal layers of the cross-section. The probability of this situation increases with the increase in the
exchange intensity, which arises with the decrease of the fiber exchange threshold. This explains the increase in
the difference between the relative numbers of exchanges per fiber per cross-section and the exchange probabil-
ity values for the low values of the fiber exchange threshold that were calculated according to Equation 2
(Figure 4).

Figures 5-7 demonstrate the impact that the fiber exchange threshold has on the transformation of the one-
dimensional model of ODFM to the three-dimensional model of tensile strength. These figures present three-
dimensional images of fibers in a randomly selected cross-section in the interval (100, 4800) of the tensile
strength model (images are shown in Cartesian, not in hexagonal lattice, coordinates).

Figure 5 presents a situation when all restrictions on the fibers and holes activities were canceled but the limit
value of the fiber exchange threshold (CT = 1) does not permit any type of exchanges. When we study the irre-
gularity of the ODFM, such a model can be regarded as one-dimensional [26]. But, in the framework of the ze-
ro-order tensile strength model it is necessary to calculate the total number and length of contacts between fibers,
and this model should be classified and studied as three dimensional.

0.16
0.14
0.12

0.1
0.08

0.06

(PrE-AEPCS)

0.04

0.02
cT

Figure 4. Difference between the theoretical PrE and simulation values of the
exchange probability (AEPCS) as a function of the fiber exchange threshold

(CT).
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Figure 5. Dependence of the total number of exchanges of all types (TNE) on
the critical value of the fiber exchange activity (CA).
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Figure 6. Total number of fiber exchanges TNE and the relative number of
exchanges per fiber RAEPF vs. the fiber exchange threshold CT and the dif-
ferent critical values of the fiber exchange activity CA.

This situation changes significantly with the decrease in the value of the fiber exchange threshold (Figure 6).
According to the simulation results, which are shown in Table 2, a statistical estimation of the exchange proba-
bility of both types equals 0.129. It is absolutely clear that, in addition to the frictional forces, traction forces
arise between fibers in this case.

The limiting case, with no restrictions on the mutual F/F and F/H exchanges, occurs when the critical values
of the fiber and hole exchange activities, and the fiber exchange threshold equals zero (Figure 7).

It should be noted that the values of the fiber exchange threshold cannot be obtained experimentally, as this
parameter, as well as parameters CA and HA, are virtual parameters of the strength model which describe the
behavior of the single fiber in the fiber population and its interaction with other fibers in its own surrounding.
However, unlike the parameters of crimped fibers which are available for observation and measurement [32]
[33], these parameters allow us to implement a virtual probabilistic model of the flow of crimped fibers and ul-
timately allow simulation of the tensile strength.

Some estimation of the fiber exchange threshold value can be obtained during the model calibration by a vis-
ual comparison between a series of crimped fiber images and corresponding images in hexagonal coordinates
obtained as a result of computer simulation. Here we need to note that the hexagonal coordinates for simulatin-
gagent interactions was used in studying conflicts on the basis of agent based simulation [34]. This possibility to
study conflicts on the level of individual agent interaction has been described previously [21].

®
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Figure 7. Dependence of the average number of holes per cross-section
(AHPCS) on the critical value of the hole activity (CA = CT =0.3).

2.3. Effect of the Critical Value of the Fiber Exchange Activity

Traction forces arise between fibers as a result of the exchange processes. These forces depend on that part of
the fibers which potentially can be involved in the exchange processes. This part is determined by critical values
of the fiber and hole exchange activity CA and HA, which have been excluded from the face validation process
at the previous stage. The fiber exchange thresholdand the critical values of the fiber and holes exchange activity
are associated with nonlinear effects in the tensile strength model (signum effect). However, it can be assumed
that in the case when the number of F/F exchanges substantially exceeds the number of F/H exchanges, increas-
ing the critical value of the fiber activity will cause a linear decrease of the total number of exchanges TNE. This
assumption is based on the fact that variation of the critical value of the fiber exchange activity leads to a linear
change in the number of fibers that can take a part in the exchange processes. A test of this assumption is one of
the stages of the face validation of the tensile strength model.

Results of experiments in order to analyze the impact critical value of the fiber activity are shown in Table 3.
The results which were obtained for the fixed values of the fiber exchange threshold (CT = 0.3) and the hole ac-
tivity (HA = 0) demonstrate the impact of the critical value of the fiber exchange activity CA on both types of
exchange. The number of holes TNH, as follows from Table 3, is independent of the critical value of the fiber
exchange activity; and this is fully consistent with the type F/H exchange algorithm. The values of TNE, AEPF,
and RAEPF for CA > 0.6 characterize only exchanges of type F/H, since they correspond to the case when the
exchange of type F/F is forbidden by violating the condition CT < (1—CA) .

Figure 5 shows a graph of the total number of exchanges with increasing the critical value of the fiber ex-
change activity CA for a fixed level of the fiber exchange threshold (CT = 0.3). This graph confirms the as-
sumption of linear dependence of the total number of exchanges TNE on the value of the fiber exchange activity
in the area of permitted exchanges of type F/F (O <CA< 0.6). The range of values 0.5<CA<0.6 can be de-
fined as the transition area, as the number of exchanges of type F/F in this area is comparable with the number
of exchanges of type F/H.

Table 3 also presents the theoretical values of the type F/F exchanges probability—PrE. In a general case, for
0<AP<(1- CA) , the following expression for the distribution function of an absolute difference
|Prax — Pl | can be obtained:
2(1-CA-AP)

(1-CA)*

In the special case of C4 = 0, this expression leads to the distribution Equation (1).
The probability of the exchange of type F/F is:

O,

PDF (AP) = ,0< AP <(1-CA) 3
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Figure 8. Dependence of the fiber packing density (PDF) on holes per cross-

section on the critical value of the hole activity (CA = CT =0.3).

Table 3. Impact of critical value of the fiber exchange activity.

CA
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

TNE
46,596
40,132
32,606
26,041
20,195
15,231
11,303

9851

9986
10,070
10,080

AEPF
9.71
8.36
6.79
5.43
4.21
3.17
2.35
2.05
2.08
2.10
2.10

AEPCS
0.335
0.288
0.234
0.187
0.145
0.109
0.081
0.071
0.072
0.072
0.072

Pre
0.490
0.444
0.391
0.327
0.250
0.160
0.063

N/A

N/A

N/A

N/A

TNH
14,497
14,391
14,612
14,416
15,446
15,401
15,443
15,388
15,811
15,485
15,629

AHPCS
3.02
3.00
3.04
3.00
3.22
3.21
3.22
321
3.29
3.23
3.26

The values of PrE that are calculated according to Equation 4 exceed the values of the average number of ex-
changes of types F/F and F/H per cross-section A EPCS, which have been obtained by computer simulation.
This difference between the theoretical and experimental values of the exchange probability (PrE > AEPCS) is
explained with the above-described effect of “loss of exchange partner”, which arises by exchanges at the peri-

Pre = [ “'PDF (AP)d(aP)= [

phery of the cross-section.

2.4. Joint Effect of the Fiber and Holes Exchange Parameters

The results presented above give us reason to conclude that the tested tensile strength model meets the require-
ments of face validation and its responses are logical and explainable on the physical level. Virtual model para-
meters, such as CT and CA, in our view adequately characterize the mechanisms of strength formation asso-
ciated with the slippage effect. However, these results were received with independent variation of each the
model parameters. Joint parameter variation, in principle, can lead to inconsistent results, because the model is

1-CA-CT

1-CA

2
j 0<AP <(1-CA)
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based on stochastic processes of the fiber and hole exchanges, which are complicated by nonlinear effects. To
verify the consistency of the model under the joint variation of the key parameters of the exchange processes,
and to obtain more comprehensive information about the properties of the tensile strength model, a series of
computer simulation experiments has been carried out.

Two basic parameters of the fiber exchange process—the critical value of the fiber exchange activities CA
and the fiber exchange threshold CT were varied in this series of experiments. The condition CT < (1 — CA) was
imposed on all experiments; hence all three types of fiber exchange have been realized. When this condition
does not hold, an exchange of type F/F is impossible. The critical value of the hole exchange activity was set
equal to zero in all experiments; thus a maximum number of holes has been involved in the exchange processes.
The number of simulated cross-sections was equal to 5000, with a step between cross-sections of Imm. The pa-
rameters of the simulated fiber flow were: the fiber length distribution is normal, average fiber length equals 30
mm, standard deviation of the fiber length equals 3 mm, distribution of the distance between the fiber front ends
is Poisson, and the average distance between the fiber front ends equals 1mm. So the total number of fibers si-
mulated by the tensile strength model equals 5000 and the average number of fibers in the cross-section equals
30. In order to eliminate transient effects the first and the last 100 cross-sections of the simulated ODFM were
excluded from consideration, and the effective number of the cross-sections was therefore 4800.

The dependence of the total number of all exchange types TNE, and the relative number of exchanges per fi-
ber RAEPF, on the varied parameters CA and CT is shown in Figure 6.

As noted above, the effect of fiber traction, which is determined by the crimp coefficient k., is very important
for tensile strength modeling. The crimp coefficient is equal to the ratio of the number of the fiber exchanges to
the fiber length, and coincides with the relative average number of exchanges per fiber—RAEPF. It is natural
that the graphs of RAEPF obtained as a result of the simulation of fiber random shape and the graphs of the total
number of fiber exchanges TNE are identical.

The fiber packing density (FPD) in the cross-section is another important characteristic significantly affecting
tensile strength. The fiber packing density can be represented as the number of holes in the cross-section of
ODFM. The simulation algorithm determines an unfilled node of the hexagonal lattice as a hole when the con-
centric hexagon layer of this node has more than two fibers. According to the simulation algorithm F/H ex-
change occurs when the condition PD > HA is satisfied. An increase in the critical value of the hole activity
should lead to a decrease in the frequency of the F/H exchanges and consequently to an increase in the number
of holes and a decrease in the fiber packing density. These conclusions are confirmed by the simulation results
shown in Figure 7 and Figure 8.

On the other hand, the number of holes and the fiber packing density depends on parameters of the exchange
process of type F/H. Figure 9 shows the dependence of the number of holes on the parameters of the fiber ex-
change activity for the fixed critical value of the hole activity (HA = 0).

The strength of the zero-order model—STghas been calculated in accordance with the results of the computer
simulation. The dependence of the normalized strength of the zero-order model on the parameters of the fiber
exchange processes for a fixed critical value of the hole activity (HA = 0) is shown in Figure 10. The results
demonstrate the decrease of the zero-order model tensile strength with the increase in the parameters of the ex-
change process CA and CT relative to the corresponding tensile strength of the completely filled closed-packed
hexagonal cross-section.

3. Normalization Procedure and Potential of the Tensile Strength Model

As noted above, the tensile strength model, which is based on the slippage effect, can be calibrated only in con-
junction with a model based on the fiber breakage effect. The lack of opportunity of separate calibration of the
tensile strength model prevents both realizing a statistical validation [22] of the model, and also the use of natu-
ral variables for the model output. However, the model allows calculation of the maximum values of the output
variables and in this way determination of the potential of the model. The normalization of the tensile strength
model relative to the maximum values of the output variables makes it possible to evaluate the degree of utiliza-
tion of this potential for various levels of the model parameters. Practically, the normalization procedure is rea-
lized by dividing the model outputs that are the total length of contacts-TCL and total frictional/traction
forces—TFTF by the maximum possible TCLM and TFTFM for the given fiber structure.

Such estimations of the “relative strength” have been obtained for hexagonal fiber packing as result of struc-

ture analysis and computer simulation.
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Figure 9. Dependence of the total number of holes (TNH) and the average
number of holes per cross-section (AHPCS) on the parameters of the fiber
exchange activity for a fixed critical value of the hole activity (HA = 0).
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Figure 10. Dependence of the normalized strength of the zero-order model on
the parameters of fiber exchange activity for the fixed critical value of the
hole activity (HA = 0).

3.1. Maximum Value of the Total Length of Contacts

The maximum value of the total length of contacts in the cross-section (TCLM) can be calculated as a product of
the maximum number of contacts in the cross-section of the close-packed hexagonal structure by the average fi-
ber length. In a close-packed hexagonal structure, all fibers touch each other [35]. It can be shown that the num-
ber of fibers in the concentric hexagon layer of the order r (r-CHL) of the center of the cross-sectionis N, =6r

and the total number of fibers in the close-packed cross-section of order R is:

We separate two types of contact between fibers-external contacts with fibers in the CHL of order (r-1) an-
dinternal contact sin the CHL of order r. A simple analysis of the hexagonal cross-section shows that the number

N, =1+3R(R+1)

of external contacts between the fibers of the r-CHL is:

M, =6+12(r 1)

The number of internal contacts between the fibers of the r-CHL is:

M/ =6r.
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It follows that the total number of contacts in the close-packed hexagonal structure of order R is:
M; q :3R(1+3R) (8)

In the case where the external environment of order R (R-CHL) contains less than 6R fibers, we define an av-
erage number of the contacts per fiber in the CHL of order R:
Mg +ME 1

3—— 9

M
R N, R

The number of contacts created by n, fibers of the external CHL of order R equals:
1
M, =g [3_Ej (10)

Thus, the maximum number of contacts produced in the cross-section of order R if R-CHL is not completely-
filled is:
Myg=M;p,+M, =3(R-1)(1+3(R-1))+n, (3—%)
(11)

:3(R—1)(3R—2)+nR(3—%j.

Table 4 shows the number of fibers and the number of contacts between fibers for the cross-sectionsup to 10
orders of magnitude.

The graphs in Figure 11 and Figure 12 demonstrate the dependence of the average number of contacts per
fiber in the partially filled R-CHL (M ), and the total number of contacts M, . on the cross-section order.

The maximum possible value of the total contact length in the cross-section—TCLM equals the product of the
total number of contacts in the close-packed cross-section M, ., and the average fiber length FLmean:

TCLM = My , *FLmean. (12)
The normalized value of the total contact length in the cross-section is:
TeL™ = 1L g oo <1, (13)
TCLM

For example, if FLmean = 60 mm, Fstd = 3 mm, TB =3 mm, CT = CA = 0.5, and HA = 0, then computer simu-
lation produces the value of the total length of contacts in cross-section of TCL = 7445 mm. According to Table 4,
this case corresponds to the four partially filled layers (lack of a single fiber in the fourth layer). It follows that

Table 4. The number of fibers and number of contacts vs. order of cross-section.

Average number of

Cross-seg:é;on order o] T T S Co;slt:tler;;r;:)lzrd o;_(;):ﬁmit?w iz . N:on;?:; ;)f conta.cts per fiber in Partial ly
2 in R-CHL (Mg) filled R-CHL (Mg )
1 7 12 12 2.00
2 19 42 30 2.50
3 37 90 48 2.66
4 61 156 66 2.75
5 91 240 84 2.80
6 127 342 102 2.83
7 169 462 120 2.86
8 217 600 138 2.88
9 271 754 154 2.89
10 331 926 172 2.90
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Figure 11. Dependence of the average number of contacts per fiber in the
partially filled R-CHL (M ) on the cross-section order R.
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Figure 12. Dependence of the total number of contacts My ; on the cross-
section order R.

the total number of contacts in the cross-section equals 153, and the maximal possible value of the total length
of contacts is TCLM = 153 * 60 = 9180 mm. The normalized value TCL™ in accordance with Equation (13)
equals 7545/9180 = 0.822. It means that above set of parameters (FLmean = 60 mm, Fstd =3 mm, TB =3 mm.)
enables us to use 82.2% of the model’s potential.

3.2. Maximal Value of the Total Frictional /Traction Forces

As shown above, at every individual contact between the fibers, a force arises that prevents a mutual displace-
ment of the fibers— F; . The value of this force depends inparticular on the order of CHL—r and on the
cross-section order—R:

Fer =k#(R* =17 )« M, (14)

The distance coefficient—k does not depend on the number of contacts and their location within the cross-
section. Therefore, in the analysis of the relationship between the actual and the maximum possible value F_;
we can set k = 1. In this case, the normalization problem can be reduced to determining the relationship between
the maximum possible value of the total frictional/traction force (TFTFM) and the order of the close-packed
cross-section R.

When calculating the TFTFM in every CHL, only the external contacts with the underlying layer and the con-
tacts within the layer need to be taken into account. In the external R-CHL only the contact with the (R-1) layer
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should be considered, as only these contacts of the exterior layer contribute to the total force off riction between
the fibers in the cross-section.

Table 5 and Figure 13 show the values of the maximum of the friction/traction force (FTFM,) for the sepa-
rated CHL which have been obtained by the analysis of the close-packed hexagonal cross-sections of order R

R =110]. In calculating the force F_; the values of the number of contacts in R-CHL (Mg) from Table 4
have been used.

The last row of Table 4 presents the values of FTFM; which should be used for the normalization of the ten-
sile strength model.

The graphs in Figure 13 reflect two different trends. On the one hand, it shows the increase in the fric-
tion/traction forces associated with increasing the number of contacts in the layer away from the center of the
cross-section (linear effect). On the other hand, it shows the reduction in the tensile strength caused by ap-
proaching the periphery of the cross-sections (quadratic effect). The first tendency prevails near the center of the
cross-section. However, as it approaches the periphery of the cross-section, the second trend compensates the
effect of increasing the number of contacts in the peak point of the graph. In the last R-layer the forces opposing
the mutual displacement of the fibers arise only as a consequence of internal contacts in the underlying (R — 1)
CHL.

The dependence of the maximum of the frictional/traction forces-FTFMs on the close-packed hexagonal
cross-section of order—R is shown in Figure 14.

——R=1 ——R=2 ——R=3 ——R=4 ——R=5
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Figure 13. Dependence of the maximal Friction/Traction Force (FTFM,) on
the CHL order—r for close-packed hexagonal cross-sections of order-R.

Table 5. The maximal frictional/traction forces for a close-packed hexagonal cross-section.

Cross-section order - R

CHL order-r
1 2 3 4 5 6 7 8 9 10
1 12 36 96 180 288 420 576 756 960 1188
2 54 150 360 630 960 1350 1800 2310 2880
3 150 336 768 1296 1920 2640 3456 4368
4 294 594 1320 2178 3168 4290 5544
5 486 924 2016 3276 4704 6300
6 726 1326 2856 4590 6528
7 1014 1800 3840 6120
8 1350 2346 4968
9 1734 2964
10 2166
FTFM; 12 90 396 1170 2748 5646 10380 17646 28230 43026
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Figure 14. Dependence of the maximum of the frictional/traction forces
(FTFMy) on the cross-section order R.

The maximum possible value of the total frictional/traction forces for the fibers belonging to the cross-section
equals the product of the maximum value of the frictional/traction forces (FTFMs) and the average fiber length:

TFTFM = FTFM, * FLmean. (15)
The normalized values of the total frictional/traction forces in the cross-section of ODFM:
TFTF

TFTF™ = L0<TFTF™ <1, (16)
TFTFM
-|-|:-|-|:L(”) = Z*E, T|:T|:F£”) = 2*ﬂ (17)
TFTFM TFTFM

It is quite obvious that the relative estimates of the degree of utilization of the strength potential will be cor-
rect at any value of the strength model parameters, which can be obtained by the model calibration.

In the case where there is an additional, incomplete CHL of the order (R + 1), the value of FTFM; from Ta-
ble 5 needs to be added to the friction forces that arise between the layers R and (R + 1). This additional com-
ponent equals the product of the number of fibers Ny, inthe (R + 1) CHL and the average number of contacts
per fiber (M., ) in the partially filled (R + 1) CHL given in Table 5.

The data shown in Table 6, allows us to determine the cross-section order and its basic parameters for values
of the average number of fibers in the cross-section in the range (30 (10) 300).

The data presented in Table 6 allows us to determine the cross-section parameters and evaluate the potential

of the first order tensile strength model considering the frictional and traction forces between the fibers.

4. Conclusion

The behavior and main responses of the fibrous material tensile strength model, which is based on the fiber
slippage effect, are studied with the goal of face validation. Specific features of this model are the principles
underlying in its foundation. The concept of discrete event simulation has been used for the modeling and simu-
lation of the fiber flow. This approach in the framework of the given research allows taking into account the fi-
ber length distribution and the random fiber location along a one-dimensional fibrous material. The three dimen-
sional model of the tensile strength that is based on the concept of agent based modeling is the expansion of the
fiber flow model. The specific technique of face validation, that is elaborated and widely used in the field of
computer aided simulation, has been used to study the tensile strength model. The effects of the individual and
joint variation of the fiber exchange parameters and the influence of these parameters on the contacts between
fibers and frictional and traction forces which arise as a consequence of this contacts have been investigated in
the framework of face validation. The face validation results show a consistent predictability of the model res-
ponses in the full range of the fiber exchange parameters. Furthermore, the possibility and efficiency of the
crimp fiber simulation, based on the probability and nonlinear exchange mechanisms between fibers in the
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Table 6. Cross-section order and basic parameters.

Number Number

Nur_nber Cross-se_ction Capacity of fibers Load Capacity of of fibers in Load
of fibers capacity of R-layer in R-layer of R-layer (R + 1)-layer R+ 1)-layer of (R + 1)-layer
30 3 37 18 11 61 24 0 0
40 3 37 18 18 100 24 3 125
50 4 61 24 13 54 30 0 0
60 4 61 24 24 100 30 1 33
70 4 61 24 24 100 30 9 30
80 5 91 30 19 63 36 0 0
90 5 91 30 29 97 36 0 0
100 5 91 30 30 100 36 9 25
110 6 127 36 19 53 42 0 0
120 6 127 36 29 81 42 0 0
130 6 127 36 36 100 42 3 7
140 6 127 36 36 100 42 13 31
150 7 169 42 23 55 48 0 0
160 7 169 42 33 79 48 0 0
170 7 169 42 42 100 48 1 2
180 7 169 42 42 100 48 11 23
190 7 169 42 42 100 48 21 44
200 8 217 48 31 65 54 0 0
210 8 217 48 41 85 54 0 0
220 8 217 48 48 100 54 3 6
230 8 217 48 48 100 54 13 24
240 8 217 48 48 100 54 23 43
250 9 271 54 33 61 60 0 0
260 9 271 54 43 80 60 0 0
270 9 271 54 53 98 60 0 0
280 9 271 54 54 100 60 9 15
300 9 271 54 54 100 60 19 32

cross-sectional of the one-dimensional fibrous materials, is confirmed.

Estimations of the maximum possible values of the total length and frictional/traction forces for the close-
packed hexagonal structure of the fibrous material cross-section have been obtained. These estimations are the
basis for the normalization of the tensile strength model. The normalized model, in its turn, allows determining
and calculating the tensile strength potential considering the total contact length and total frictional/traction
forces.

The development of a tensile strength model, taking into account the effect of fiber breakage, and a genera-
lized model based on the fiber slippage and fiber breakage effects are the aims of further research in the field of
combined modeling and simulation of fibrous materials tensile strength. This combined model should be devel-
oped as an expansion of the slippage effect based tensile strength model presented and validated in this paper.
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Calibration and statistical validation based on experimental data will be carried out in the testing stage of the
mixed slippage and fiber breaks model.
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Notation

AEPCS: Average number of exchanges of the types F/F and F/H per cross-section,
AEPF: Average number of exchanges of the types F/F and F/H per fiber,
AHPCS: Average number of holes per cross-section,

CA: Critical value of fiber exchange activity,

(CHL): Concentric hexagon layer,

CSS: Cross-section strength,

CT: Fiber exchange threshold,

CV: Coefficient of variation,

d: Diameter of fiber,

F-; : Generalizedforce, preventing slippage effect,

FLmean: Average fiber length,

HA: Critical value of hole exchange activity,

i: Cross-section number,

j: Fiber number,

k: Distance coefficient,

M, . : Total number of contacts in the close-packed hexagonal structure of the order R,
M, : Average number of contacts per fiber in the CHL of order R,

N: Normal pressureforceper unitlength of the fiber,

N, : Total number of fibers in the close-packed cross-section mopsiaka R,

NCS: Number of cross-sections (length of replication),

(ODFM): One-dimensional fibrous material,

(PDF): Probability density function,

PrE: Exchange probability,

r: Radius of contact (number of concentric hexagon layer),

R: Radius of cross-section (order of close-packed cross-section),

RAEPF: Relative average number of exchanges per fiber per cross-section,
RSE: Relative standard error,

s: Distance between adjacent cross-sections (simulation step),

SE: Standard error,

ST, : Strength of zero-order model,

TCL: Total length of contacts in cross-section,

TCL, : Total length of contacts the left-hand side of cross-section,

TCL, : Total length of contacts the right-hand side of cross-section,

TCLM: Limit value (maximal possible value) of total length of contacts,

TFTF: Total frictional/traction forces for cross-section—i,

TFTF, : Total frictional/traction force on the left-hand side of cross-section—i,
TFTF; : Total frictional/traction force on the right-hand TFTF;; side of cross-section—i,
TFTFM: Limit value (maximal possible value) of total frictional/traction forces,
TNE: Total number of exchanges,

TNF: Total number of fibers,

TNH: Total number of holes,

***(") - Normalizes value of parameter (***),

(AAA): Acronym, abbreviation.
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