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KURZFASSUNG 

Stetig steigende Kraftstoffpreise und ein wachsender Druck zur Einsparung von 

klimaschädlichen Gasen führen besonders in der Luft- und Raumfahrtindustrie zu einem 

vermehrten Einsatz von Leichtbaustrukturen. Kohlenstofffaserverstärkte Kunststoffe 

bieten aufgrund ihrer hervorragenden gewichtsspezifischen mechanischen 

Eigenschaften ein besonders großes Leichtbaupotenzial und werden in modernen 

Flugzeugen zunehmend eingesetzt. Neben der Verarbeitung von vorimprägnierten 

Halbzeugen, sogenannten Prepregs, sind Harzinjektionsprozesse eine der am weitesten 

verbreiteten Methoden zur Herstellung von Composite Bauteilen. Obwohl diese 

Verfahren einige Vorteile bieten, bringen sie aufgrund prozessbedingter Defekte 

Nachteile mit sich, wie zum Beispiel Reinharzgebiete in engen Radien, Trockenstellen 

oder große prozessinduzierte Verformungen. Diese Defekte lassen sich oft auf 

Faservolumengehaltgradienten zurückführen, die aus einer ungleichmäßigen 

Kompaktierung beim Schließen des Werkzeugs resultieren.  

In dieser Dissertation wurde eine Kompaktierungsprozesssimulation für trockene 

Carbonfaservorformlinge, auch Preforms genannt, mit einem orthotropen nichtlinearen 

Materialmodell entwickelt, die es ermöglicht, die oben genannten Defekte 

vorherzusagen. Zuerst wurden die verwendeten Materialen mit Experimenten 

charakterisiert und eine neue Testmethode für die Schubsteifigkeit in Dickenrichtung 

erarbeitet. Mit den gewonnenen Daten wurde ein Kompaktierungsmodell für die 

Vorhersage des zeitabhängigen Verhaltens in Dickenrichtung entwickelt und validiert. 

Darüber hinaus wurde gezeigt, dass mit dem Modell durch Anpassung des 

Schließprozesses die erforderliche Schließkraft bei gleichem finalen 

Faservolumengehalt um 50% reduziert werden kann. 

Anschließend wurde das Kompaktierungsmodell um die Verformungszustände in den 

verbleibenden Richtungen wie der Scherung in Dickenrichtung erweitert. Das kalibrierte 

Modell zeigt eine hervorragende Übereinstimmung mit den experimentellen 

Ergebnissen aus Kompaktierungsversuchen mit engen Werkzeugradien. Die 

Schließkräfte aus der Simulation stimmen für unterschiedliche Radien und 

Faservolumengehalte sehr gut mit den Werten der Versuche überein. Auch die sich 

einstellende Geometrie der Preform aufgrund von Kompaktierung, Scherung und 

Reibung ist in guter Übereinstimmung für kraft- und weggesteuerte Versuche. Das 

validierte Modell wurde anschließend für eine virtuelle Studie von Preform- und 

Werkzeugeigenschaften genutzt. Es konnte gezeigt werden, dass besonders dicke 

Preforms und solche mit hohem Faservolumengehalt zu einem hohen Risiko von 

Reinharzgebieten im Radius führen. Weitere Erkenntnisse aus der Studie wurden in 

Designrichtlinien für Kompaktierungsprozesse zusammengefasst. 

Mit der entwickelten Kopplung der Ergebnisse aus der Kompaktierungs- zur 

Füllsimulation wurde gezeigt, dass die Berücksichtigung der Kompaktierungsergebnisse 
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einen entscheidenden Einfluss auf die Bauteilfüllung hat. Das entwickelte 

Simulationsmodell kann angewandt werden, um Kompaktierungsdefekte zu vermeiden 

und die Bauteilqualität zu verbessern. Die Erkenntnisse aus der Parameterstudie liefern 

wertvolle Richtlinien in frühen Entwicklungsstadien ohne zeitaufwändige Simulationen 

verwenden zu müssen. Mit der Anwendung auf komplexere Geometrien und weitere 

Materialien kann die entwickelte Simulationsmethode noch weiter verbessert werden. 

Experimente mit getränkten Preforms ermöglichen die Erweiterung des 

Simulationsmodells für andere Herstellprozesse wie Compression Resin Transfer 

Molding.  
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ABSTRACT 

Continuously rising fuel prices and the growing pressure to save climate-damaging 

emissions are leading to an increased use of lightweight structures, especially in the 

aerospace industry. Due to their outstanding weight-specific mechanical properties, 

carbon fiber-reinforced plastics offer particularly high lightweight potential and are 

increasingly used in modern aircraft. In addition to the processing of pre-impregnated 

semi-finished products, the so-called prepregs, resin injection processes are one of the 

most widely used methods for manufacturing composite parts. Although these processes 

offer some benefits, they still have limitations due to process-related defects, such as 

pure resin areas in tight radii, dry spots and large process-induced deformations. These 

defects are often caused by fiber volume content gradients resulting from a non-uniform 

compaction during mold closing. 

In this thesis, a compaction process simulation for dry carbon fiber preforms with an 

orthotropic nonlinear material model was developed that allows to predict the defects 

mentioned above. The materials used were experimentally characterized and a new test 

method for out-of-plane shear stiffness was designed. Based on the obtained data, a 

compaction model for predicting the time-dependent behavior in thickness direction was 

developed and validated. By adjusting the closing process, it was shown that the model 

can be used to reduce the required closing force by 50% while achieving the same final 

fiber volume content. 

Subsequently, the compaction model was extended to include the deformation modes in 

the remaining directions such as out-of-plane shear. The calibrated model shows an 

excellent agreement with the experimental results from compaction tests with tight tool 

radii. The predicted closing forces agree well with the values from the experiments for 

varying radii and fiber volume contents. The resulting geometry of the preform due to 

compaction, shear and friction is in good agreement for both force-controlled and 

displacement-controlled tests. The validated model was further used for a virtual study 

of preform and tool properties, revealing that preforms with high thickness and high 

fiber volume content are particularly prone to pure resin regions in the radius. Further 

findings of the study were summarized in design guidelines for compaction processes. 

With the developed coupling of the results from the compaction simulation with the 

filling simulation, it was shown that the consideration of the compaction results has a 

significant influence on the part filling. The developed simulation model can be ap-

plied to avoid compaction defects and to improve part quality. The findings from the 

parameter study provide valuable guidelines in early development stages without hav-

ing to use time-consuming simulations. The application to more complex geometries 

and different materials, can improve the developed simulation method. Experiments 

with impregnated preforms allow the extension of the simulation model to other manu-

facturing processes, such as compression resin transfer molding.   
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1 Introduction 

Lightweight design and the utilization of lightweight materials have always been key 

factors for the development of airplanes since the very first motor-powered aircraft, the 

Wright Flyer, which was mainly composed of wood. These key factors are still valid for 

modern airplanes. Besides aerodynamical advantages of light aircraft, monetary and en-

vironmental reasons are major drivers towards lighter designs. A 1% saving in the struc-

tural weight reduces the fuel consumption by 0.7 to 0.75% [1]. According to the Ad-

vanced Materials Research Program by the Federal Aviation Administration (FAA), one 

pound of weight saved on a commercial aircraft saves 100 $ to 300 $ over its service life 

[2]. An excellent example to illustrate the importance of weight saving in the aerospace 

industry comes from the US-based airline, American Airlines. By replacing nearly 20 kg 

pilot bags, containing operating manuals, checklists and logbooks, with 0.6 kg iPads, the 

airline could save 1.2 million dollars of fuel cost annually [3,4].  

The utilization of modern lightweight materials has an enormous potential to reduce the 

structural weight of airplanes. In recent decades, the weight percentage of fiber-rein-

forced composites in aviation has risen continuously. Due to their excellent specific me-

chanical properties, composite materials offer great potential for more efficient aircraft. 

Fig. 1-1 shows the proportion of composites in the total weight of civil and military 

aircraft over the last 60 years. Starting in the 1960s and 1970s, the share of fiber-rein-

forced plastics was in the range of single digits. However, in modern civil aircraft such 

as Airbus A350 or Boeing 787, composites now account for more than 50% of the total 

weight [5]. According to Boeing, 20% of the total empty weight of the 787 Dreamliner 

could be saved by using composite materials compared to a conventional aluminum de-

sign [6]. Besides a reduction of operational cost, fuel saving leads to reduced emissions 

of harmful nitrogen oxides (NOx) and carbon dioxide (CO2). With an increasing aware-

ness of sustainable aviation, saving emissions is becoming more and more important. 

The European Flightpath 2050 [7] passed by the European Commission outlines the fol-

lowing goals relative to a typical new aircraft in 2000: 

o 75% reduction in CO2 

o 90% reduction in NOx 

o 65% reduction in noise  

Together with the European Green Deal, aiming for a climate-neutral EU by 2050, this 

emphasizes the need to design more efficient aircraft. For the next-generation single-

aisle (NGSA) aircraft, it is assumed that the weight percentage of composites will further 

increase [8]. 



2 Introduction 

 

  

Fig. 1-1: Weight ratio of composite materials in military and civil aircraft (adapted from [8–

10]). 

 

1.1 Composite manufacturing technologies in 

the aviation industry 

In the early civil aircraft models shown in Fig. 1-1, composites were mainly used in 

secondary structures such as rudder and trailing wing edge [11]. In the Airbus A310, 

carbon fiber-reinforced plastics (CFRP) were applied for the vertical fin and brakes [10]. 

For modern aircraft, primary structural components, such as the ribs or the center wing 

box, are also made of carbon composites [11,12]. In addition, the entire wings and fuse-

lage of the Airbus A350 and the Boeing 787, for example, are manufactured with carbon 

composites [5,13].  

With the development towards larger and more load carrying composite structures, the 

requirements for high part quality and robust processes are increasing. The use of pre-

impregnated semi-finished products (prepregs) is currently the most widely applied pro-

cess for manufacturing components in the aerospace industry. However, liquid compo-

site molding (LCM) processes are gaining in importance for the manufacture of complex 

parts. Both processes enable the production of very high-quality components that meet 

aerospace requirements. Production with prepregs is usually carried out by tape laying 

or hand layup with subsequent curing in an autoclave. One of the main advantages of 

prepreg processes is the excellent quality of the produced part due to the homogenous 
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high pressure in the autoclave. However, the use of the autoclave requires a lot of energy 

and the occupancy of the autoclave for curing can limit the production rate [5].  

Fig. 1-2 compares the possible production volume for different composite part 

production processes. In addition, the performance, i.e. the possible mechanical 

properties of the manufactured components, is indicated. It can be seen that resin transfer 

molding (RTM) and resin infusion, which belong to the group of LCM processes, can 

produce high-quality components comparable to those made with prepregs. Moreover, 

RTM allows for higher production rates according to some authors [5,14]. The 

advantages of RTM processes are particularly evident for thick components with high 

geometrical complexity [13]. 

In coming decades, the demand for civil aircraft will continue to grow. According to the 

Airbus global market forecast 2021 [15], the global passenger traffic grows at the same 

rate as before the COVID-19 pandemic with a two years lag. Airbus expects to deliver 

39,000 new aircraft until 2040 with a share of 76% single-aisle aircraft [15]. This corre-

sponds to an average production rate of 120 small aircraft per month. Currently, Airbus 

aims to produce 67 A320s per month in 2023 [16].  

Considering that several parts appear multiple times in a certain airplane, such high pro-

duction rates are only possible with processes that allow short cycle times. The prepreg 

autoclave process has clear limits regarding cycle times. One cycle including heating 

and cooling takes four to five hours for a typical aerospace material such as Hexcel M21 

[17]. One additional drawback of the prepreg material is the required energy consump-

tion for cooling during storage and transportation [5]. 

 

 

Fig. 1-2: Production volume and mechanical properties of manufactured parts for various aer-

ospace production processes (adapted form [14]).  
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Because of the advantages mentioned above, especially for complex geometries, several 

parts are nowadays produced with LCM processes, mostly RTM. RTM is a variant of 

LCM with two rigid molds, ensuring high part quality on both sides. For this purpose, a 

dry textile preform is placed inside the tool before the resin is injected via a pressure 

difference between inlet and outlet. In civil aviation, the following aircraft components 

are currently manufactured using the RTM process [5,11,18,19]: 

• Window frame Airbus A350XWB 

• Leading edge on the horizontal stabilizer Airbus A350XWB 

• Passenger doors Airbus A350XWB  

• Main attachment pieces for wing flaps Airbus A330/A340/ A350XWB 

• Landing gear struts Boeing 787 

• Spoiler Airbus A320 

• Door pillars, stringers, stiffened panels, rudders 

 

According to Airbus, further reasons for manufacturing structural components using 

RTM processes include [13]: 

• Reproducible laminate thickness even for thick components (> 50 mm) 

• Production of close-to-final contour without post-processing 

• Compared to prepreg, a higher degree of integral construction  

• Very high degree of automation  

 

RTM is a process that can offer advantages in the manufacture of components for the 

aerospace industry. Especially for components with high wall thickness or geometric 

complexity, cost advantages can be expected in addition to the process-related aspects 

mentioned above. The Austrian supplier FACC recently produced a five meter long mul-

ticell flap in an integral design avoiding assembly cost [20]. The US supplier Spirit de-

livered the first set composite spoilers for the A320 series manufactured in a fully auto-

mated RTM process in 2021 [21]. Airbus started the assembly of the first Wing of To-

morrow prototype in 2021 that contains further large-scale RTM parts such as trailing 

edge and spars [22]. 

 

1.2 Motivation 

LCM processes offer several advantages, especially for manufacturing complex and 

thick parts, yet they face some limitations. According to [23], the biggest challenges of 

RTM processes are mold design, filling strategy and resin-rich edges. A clearance be-

tween the edge of the preform and the edge of the tool leads to a higher flow velocity 

during resin injection in this channel [24]. The resin flow through a hollow path within 

a cavity is referred to as race-tracking that can lead to dry spots or resin-rich corners in 

the final part [25]. McIlhagger et al. emphasized that one of the most critical problems 
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in RTM are dry spots in the finished part [5]. FACC reported that issues with race-track-

ing were the main challenge during the manufacture of a five-meter-long multicell flap 

[20]. All mentioned challenges can be explained with variations of the fiber volume 

content (FVC) and geometrical variations of the dry preforms. Fig. 1-3 demonstrates 

how FVC gradients are generated in curved tools. Fig. 1-3a shows the tool geometry and 

Fig. 1-3b displays a micrograph of a cured part. It can be seen that the reinforcement is 

more compacted in the radius, leading to a significantly higher FVC. Regions with high 

degree of compaction slow down the resin flow front and have a significant influence 

on the preform infiltration. Variations of the FVC can lead to unfilled regions and create 

dry spots or empty spaces in the tool, leading to race-tracking and resin-rich corners. 

Mesogitis et al. [26] performed a review on uncertainties in the manufacturing process 

of thermosetting composites. They concluded that FVC variations play a dominant role 

in the manufacturing process. Due to the high variability of the preform properties, race-

tracking channels can appear at different locations and different dimensions. This leads 

to a low reproducibility of the process [27]. Besides affecting the filling behavior, FVC 

gradients are one of the main drivers of part distortions after the demolding of the cured 

part [28,29]. Moreover, FVC gradients have a significant influence on the mechanical 

properties of the finished part [26]. 

(a) (b) 

  

Fig. 1-3: Development of FVC gradients in curved preforms: (a) transparent tool; (b) micro-

graph of cured part [30]. 

 

Numerical simulations are widely used to optimize the manufacturing process and avoid 

defects in the finished part. Filling simulations have been used to minimize filling times 

and avoid dry spots [31,32]. In order to accurately predict the filling behavior, it is 

important to account for previous manufacturing steps. For instance, the influence of 

fiber orientation from the preceding draping process has been investigated in filling 

simulations [33,34]. However, compaction simulations that define the FVC distribution 

in the finished part are not included in the current state of the art. This is neither part of 

commercial solutions such as ESI PAM Composites [35] nor included in academic 

virtual LCM process chains [33,34]. Thus, there is an evident need for compaction 

simulations to avoid defects and design stable manufacturing processes.  
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1.3 Objectives 

The goal of this thesis is to develop a simulation method to predict the compaction be-

havior of dry carbon fiber preforms in LCM processes. Understanding and predicting 

effects that occur during tool closing will assure a more robust process and avoid com-

paction induced defects. Using the results from compaction simulations, such as FVC 

gradients and deformed shape, will enhance the predictive capabilities of filling simula-

tions. Deriving guidelines from the developed methodology, can be helpful in the pro-

cess development if complex simulations are not possible or are too time consuming. 

This novel simulation method can be a building block of overcoming the current chal-

lenges in a wider application of LCM processes in the aerospace industry.  

In order to achieve the above-mentioned goals, the following objectives for this thesis 

are identified: 

• Development of a material model capable of describing the behavior of dry pre-

forms during compaction. 

• Implementation of the novel material model into a finite element software and 

application of the validated model to derive guidelines.  

• Integration of the compaction simulation method into a manufacturing process 

simulation chain. 

 

1.4 Thesis outline 

The outline of this thesis is illustrated in Fig. 1-4, showing the interaction of the seven 

chapters of this work. A brief overview of each chapter is described as follows: 

Chapter 1 introduces the use of composite materials in the aerospace industry and cur-

rent trends in manufacturing processes. This chapter highlights the need for compaction 

simulations for LCM processes. Based on this, the objectives for the thesis are derived. 

Chapter 2 reviews the state of the art, necessary to address the objectives defined in 

Chapter 1. This chapter starts with an overview of the LCM processes, emphasizing 

compaction induced part defects. Afterwards, this chapter shows the characterization 

methods for the most relevant material properties. The overview of compaction material 

models reviews one-dimensional models for the through-thickness compaction, fol-

lowed by approaches for three-dimensional non-planar geometries.  

Chapter 3 presents the experiments conducted within this work. First, characterization 

experiments for planar geometries are described that are used as input for the process 

simulations. For this purpose, through-thickness compaction, out-of-plane shear and 

tool-preform friction were characterized. Second, compaction experiments, using non-

planar geometries, are presented, with results being used for the validation of the non-

planar model.  
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Chapter 4 shows the development of a time-dependent material model for the through-

thickness compaction. Experimental data from Chapter 3 is used for the model fitting 

and validation. The model is applied to displacement-controlled and force-controlled 

setups.  

Chapter 5 extends the one-dimensional description of the compaction behavior to an 

orthotropic three-dimensional model, including deformation modes in the remaining di-

rections. The model is calibrated to a single configuration of the non-planar compaction 

experiments. The remaining configurations are used for the validation of the model. 

Guidelines are derived from parameter studies of materiel properties and geometrical 

dimensions.  

Chapter 6 presents a methodology to transfer results from compaction simulations to 

subsequent filling simulations. In addition to the FVC, the material orientation and the 

deformed mesh, the contact status is transferred, allowing to create race-tracking chan-

nels in empty spaces in the cavities. The approach is applied to two different cases, high-

lighting the importance of compaction data in filling simulations.  

Chapter 7 summarizes the main contributions of this work, achieving the objectives 

defined at the beginning. Furthermore, this chapter gives an outlook on future work to 

enhance the methods developed within this thesis. A brief overview of two research 

projects following up on the current work, is given.  
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Fig. 1-4: Outline of the thesis. 
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2 State of the art and research questions 

This chapter reviews the state of the art and provides necessary information for the pre-

diction of the compaction behavior of fibrous reinforcements. First, an overview of LCM 

processes is given, discussing current developments and unresolved challenges. Special 

emphasis is placed on compaction-induced defects and contributing deformation mech-

anisms of the preforms. Based on these findings, the material behavior and state of the 

art characterization methods for these deformation mechanisms are presented. Because 

the focus of this work is to accurately predict the out-of-plane compaction behavior, a 

thorough review of modeling approaches on different scales is presented. Methods on 

macroscopic level and rheological models are described more in detail. Furthermore, the 

review is extended to non-planar compaction behavior of reinforcement materials. Fi-

nally, research questions are derived from the gap identified in the literature. 

 

2.1 Liquid composite molding processes and 

relevant defects 

Most LCM processes have in common that the matrix is added to the fibers during part 

manufacturing. Typically, the fiber reinforcement is preformed before it is positioned 

on the lower mold surface of the tool. These so-called preforms can either be produced 

directly, for instance by braiding, or sequentially by draping stacked layers onto a sur-

face. The driving force for the impregnation of the dry preforms in LCM processes is a 

pressure gradient between the resin inlet and the cavity. This gradient can either be re-

alized by injecting the resin with pressure or by applying vacuum to the cavity that pulls 

the resin into the preform. Besides different possibilities of applying a pressure gradient, 

the characteristic of the upper mold can categorize LCM processes. There are different 

terminologies found in literature for each variant of LCM. In this work the definition 

proposed by Advani and Sozer in [32] and Long in [36] is used for the classification of 

LCM processes. Fig. 2-1 shows basic LCM processes with different upper mold stiff-

ness. In RTM processes, the resin is injected into a cavity between an ideally rigid upper 

and lower mold. In contrast, the upper mold in vacuum assisted RTM (VARTM) is a 

flexible membrane. In some literature, this process is also referred to as vacuum assisted 

resin infusion (VARI) [36,37]. Applying vacuum ensures that the membrane remains in 

contact with the preform. Light RTM processes (see Fig. 2-1b), which have a semi-rigid 

upper mold lie between the two variants mentioned before. A common characteristic of 

all variants is that the final FVC of the part results from the compaction of the preform 
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between upper and lower mold. The FVC is either defined by the distance between two 

rigid molds or the atmospheric pressure and resin pressure acting on the vacuum mem-

brane. 

 

 

Fig. 2-1: Basic LCM processes based on the characteristic of the upper mold: (a) RTM; 

(b) Light RTM; (c) VARTM. 

 

2.1.1 State of the art RTM processes 

The main process steps of a classical RTM process are illustrated in Fig. 2-2. First, the 

preform is placed onto the lower mold, before the upper mold closes the tool. During the 

tool closing, the preform is compacted to its final FVC. Generally, the thickness of the 

preform is defined by the distance between the lower and upper mold. However, material 

and process-related defects, which are outlined in Subsection 2.1.3, can cause deviations 

in thickness. After the preform is compacted to the final FVC, the resin is injected with 

a pressure ranging from 1 bar up to 150 bar in high pressure applications [38]. Sealing 

around the preform prevents the tool from leaking. When the preform is fully impreg-

nated with the matrix, the resin is cured in the closed mold. Depending on the resin 

system, the tool needs to be heated during injection and curing. After the curing stage, 

the finished part is demolded. Chemical cure shrinkage of the resin and different coeffi-

cients of thermal expansion of reinforcement and resin can lead to residual stresses in 

the part [39,40]. After demolding, these stresses are partly released and can lead to part 

distortions [39,41,42]. Higher FVC gradients within the part lead to higher gradients of 

the residual stresses and thus, potentially stronger part distortion. 

The RTM process is suitable for the production of large and complex structures guaran-

teeing high mechanical performance for the aerospace industry [23,32,37,43,44]. Fur-

ther advantages include the ability to produce near-net-shaped parts with good surface 

quality on both sides and short cycle times [11,32,37,44,45]. The combination of high 

volume production and comparably low cost makes the process interesting for a broad 

range of applications [43]. Its high potential for automation has led to a wide use in the 

automotive industry [43,46]. Moreover, recent developments of new resins allow a 

broader application of RTM processes. With new resin systems which cure in less than 

60 seconds, high volume production of up to 150,000 parts per year is possible [47]. 

With new polyimide resins, high temperature RTM parts can be manufactured for oper-

ating temperatures above 300°C [48,49]. Furthermore, the RTM process is being 
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adapted to thermoplastic matrix systems, enabling better recyclability of composite parts 

[44,50]. Furthermore, using thermoplastic resins allows for subsequent welding or ther-

moforming of the produced part [44]. 

Some of the major challenges of RTM are related to process instabilities because of 

variations of the preforms originating from fabric cutting, stacking and placement in the 

mold [32]. This leads to permeability variabilities reducing the process robustness and 

having a major impact on the reproducibility of parts produced with RTM [27]. Further 

drawbacks are the sensitivity of the process to the mold and injection strategy design 

[23,32]. Both factors can lead to incomplete filling and thus, dry spots in the final part 

[23,51]. Moreover, the preform deformation during tool closing can lead to resin-rich 

edges in the final part [23,51,52].  

 

 

Fig. 2-2: Schematic illustration of the process steps in an RTM process (adapted from [32]). 

 

2.1.2 State of the art VARTM processes  

Fig. 2-3 illustrates the main process steps of the VARTM process. In comparison to the 

RTM process, the upper rigid mold is replaced by a flexible vacuum membrane. In terms 

of compaction, the main difference to RTM is that the final FVC is defined by the posi-

tion of the membrane. The local membrane position results from the force equilibrium 

of the compacted fiber bed, the resin pressure and the atmospheric pressure. One of the 

main advantages of the VARTM process is the reduced investment cost, because no 

upper mold and no press to close the tool are required [53]. This advantage becomes 

more important with increasing part dimensions, which makes the process extremely 

attractive for the wind turbine industry. Wind turbine blades of up to 120 m length can 

be produced using state of the art VARTM processes [54,55]. The flexible membrane 

enables manufacturing of complex geometries with the possibility to easily modify the 

upper mold [56,57]. Moreover, a transparent vacuum bag makes dry spots in the part 

visible during the process and allows for counteractive measures [57]. Using an elevated 

temperature VARTM process, Menta et al. [53] proved that high performance parts with 

less than 1% void content can be produced in this low cost technique. The Airbus A220, 

with wings manufactured in resin-infusion process, has been in service since 2016 [58]. 

One of the major challenges in the VARTM process is that the pressure inside the vac-

uum bag varies with distance from the injection point and that the compaction stiffness 

of the preform depends on its saturation with resin [36,59]. The pressure gradient from 

inlet to outlet can lead to an uneven thickness distribution in the finished part [60]. 
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Because of the maximum compaction pressure of one bar, it is generally not possible to 

reach the same high FVC as in RTM processes. Additionally, the low pressure gradient 

leads to comparably long process times [57]. Having a flexible membrane, reduces the 

surface quality on one side of the finished part compared to a rigid mold [32]. Another 

challenge in VARTM processes is the high chance of leakage between the flexible mem-

brane and the rigid lower mold [57]. Further compaction-related defects, which can oc-

cur due to corner effects are outlined in Subsection 2.1.3. 

 

  

Fig. 2-3: Schematic illustration of the process steps in a VARTM process (adapted from [32]). 

 

2.1.3 Compaction induced defects in LCM processes  

After reviewing the state of the art of LCM processes, this subsection focuses on part 

defects induced by the compaction of the preform. The overview of the manufacturing 

induced defects that can be related to FVC gradients highlights the importance of com-

paction process simulations. Moreover, understanding the underlying mechanisms of 

defect generation is valuable for setting up simulation models and understanding which 

properties need to be characterized. This subsection is divided into two parts, focusing 

on closed mold processes and open mold processes. For the open mold processes, pre-

pregs are also considered, since the effects in mold radii are the same and more literature 

is available. 

 

2.1.3.1 Closed mold processes  

Holmberg and Berglund [61] reported that different defects can occur in sharp tool cor-

ners (see Fig. 2-4). Due to high in-plane compression loads, fibers can break at the inner 

radius. During tool closing, the reinforcement is pulled tight around convex corners in 

the tool [61,62]. Hence, the material is over-compacted in the radius, leaving a gap be-

tween the molds. Fig. 2-4b shows how this effect can result in a race-tracking channel 

and a resin-rich corner after the infiltration [32,37,63]. These unwanted flow channels 

can significantly affect the filling behavior and can cause incomplete infiltration of the 

preform [64–67]. Potter [68] reported that resin accumulations can also appear on flat 

sections due to movements of the preform. Besides resin-rich corners, the compaction 

in tight radii can also cause dry spots, which is shown in Fig. 2-4c [61]. This effect can 

be explained by extremely high local FVC in the radius causing very low permeability.  
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Causse et al. [56] studied the influence of preforming on the quality of curved parts. The 

specimens were manufactured by flexible injection process, which is an RTM process 

with a flexible membrane in the tooling allowing faster through-thickness impregnation. 

Their experimental study showed that fibers oriented in 0° direction cause significant 

corner thinning on convex tools. The effect was more dominant for smaller tool radii 

and decreased with further compaction. 

 

 

Fig. 2-4: Defect types in sharp corners (adapted from [61]). 

 

Walbran et al. [69] performed compaction experiments with non-planar geometries con-

cluding that with increasing tool angles, the shear component of compaction stress be-

comes more important. The shear is introduced by the friction between the tool and pre-

form. In a more recent publication, Walbran et al. [70] studied the out-of-plane shear 

behavior in a Compression Resin Transfer Molding (CRTM) process utilizing a trun-

cated-pyramid tool geometry. Other authors came to the same conclusion that tool-ply 

friction and shear stress in thickness direction significantly influence the compaction 

behavior for non-planar geometries [56,61,63,71,72]. 

Dong et al. [52] studied the formation of resin-rich corners of dry glass fiber preforms 

without binder by varying geometry and material parameters. They found that FVC, 

stacking sequence and tool radius are the most significant factors influencing the gap 

height (see Fig. 2-5). In addition to race-tracking channels, the combination of very low 

permeability in the inner radius and an unwanted flow-channel in the outer radius can 

lead to dry zones in the part [37,61]. Fong et al. [73] suggest to either clamp several 

preform layers or to adjust the tool design in order to avoid wrinkles or thickness reduc-

tion in tight tool radii.  

Bickerton and Advani [74] studied race-tracking effects in tight radii with different pre-

form materials on a box-shaped mold. Bickerton et al. [30] performed an experimental 

study on curvature effects on mold filling in RTM processes. By using a transparent tool 

with an L-shaped cavity (see Fig. 2-6), they investigated the influence of tool radii on 

the flow front progression. The evolution of the flow front in Fig. 2-6b clearly shows 

how the flow is slowed down by higher FVC and accordingly low permeability due to 

over-compaction in the radius.  
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Fig. 2-5: Development of gaps in the small tool radii: (a) example 90° corner, 5 mm radius 

and 0.39 FVC; (b) contributing effects (adapted from [52]). 

Fig. 2-6: Flow front distribution in an angled preform: (a) side view of the tool; (b) top view of 

the flow front with tool (adapted from [30]). 

Local FVC gradients do not only influence the mold filling process, they also affect the 

part deformation after demolding. Jain et al. [75] found that resin-rich layers in the con-

cave mold cause large spring in angles for L-shaped profiles produced in RTM. FVC 

gradients in the final part are one of the main drivers for process-induced deformations 

of complex parts in RTM processes [29,76]. Causse et al. [77] concluded that through-

thickness FVC gradients and resin-rich zones have a major impact on part distortions 

for composites manufactured by flexible injection. The defects mentioned above also 

have a negative influence on mechanical properties of the manufactured part [26,68,78]. 
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However, Karahan performed tensile tests on woven carbon-epoxy composites stating 

that damage initiation was not affected by FVC variations [79]. According to Khan et 

al. [80], the tensile strength due to resin-rich regions was reduced by 32%. 

2.1.3.2 Open mold processes 

Contrary to closed mold processes, the thickness of the parts is not defined by the cavity 

height in open mold processes. This leads to more pronounced thickness gradients for 

VARTM [36,59,81] or prepreg processes [82–84] compared to RTM. A literature review 

by Hassan et al. [85,86] showed that thickness gradients, resin-rich zones and wrinkling 

are the most common defects for complex-shaped laminates. Resin-rich zones can occur 

in open mold processes in concave corners because of bridging effects. As shown in Fig. 

2-7b, compressing a laminate on a convex tooling can lead to corner thinning [82,83,86–

88]. Hubert and Poursartip [87] explain the corner thinning effect with the reaction stress

which is larger in the corner than in the flat section. In another publication, Hubert et al.

[89] concluded that corner thinning is increased with increasing percentage of 0° layers.

However, some authors also report layer separation and wrinkles in corners of convex

tools, which lead to an increased thickness [87,90–92]. Geng et al. [81] observed the

formation of gaps when preforms were placed on a convex tool. During resin injection

in a VARTM process, these gaps act as race-tracking channels.

For layups on a concave tooling, authors report bridging effects, which lead to corner

thickening (Fig. 2-7a) [82,83,88,91,93]. According to Hubert and Poursartip [87], this

defect can be explained with reduced reaction stress in the corner of the mold. The thick-

ening effect can lead to resin accumulations in the corner [56,83,94,95]. Hubert and

Poursartip [87] observed the formation of wrinkles for prepregs which were cured on a

concave tool. Wrinkles in concave molds have also been reported by Lightfoot et al.

[90]. According to their findings, shearing between the plies is the main mechanism for

this defect. Other authors also concluded that out-of-plane shear has a major impact on

the formation of corner defects for concave and convex tools [86,87,91,96,97]. The in-

fluence of out-of-plane shearing of the tool-part interface has been studied in order to

predict spring-back and warpage for prepreg processes [98,99].

The corner effects described above have a major influence on part distortion after the 

curing stage. Svanberg et al. [94] studied the influence of thickening and thinning of 

different prepreg systems on the shape distortions. Oakeshott [95] compared experi-

mental with numerical results of the warpage of U-shaped profiles, concluding that a 

resin layer on the outer surface has a significant influence on the distortion. With exper-

iments and numerical studies, authors proved that thickness reduction and FVC gradi-

ents in the radius have a significant influence on the spring-in effect [28,101–103]. 

Moreover, the above-mentioned defects can reduce the mechanical performance of the 

produced parts [84,104]. 
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Fig. 2-7: Defects in corner laminates: (a) concave corner; (b) convex corner (adapted from 

[100]). 

2.1.3.3 Conclusions on the non-planar compaction behavior 

The main defects occurring during the compaction of complex shaped layups are wrin-

kles and FVC gradients. Corner thinning or thickening effects lead to FVC gradients in 

thickness direction, whereas uneven compaction pressure can cause in-plane gradients. 

Resulting FVC gradients can lead to different effects during the resin injection in closed 

mold processes. On the one hand, gaps in the tool cause unwanted race-tracking channels 

during the resin injection. These unwanted flow channels can cause incomplete filling 

of the entire part. On the other hand, very low permeability in the corner causes slower 

resin propagation. An extremely high FVC on the inner tool radius can lead to dry spots 

near the radius. Moreover, mechanical properties are significantly decreased by com-

paction-related defects.  

According to the reviewed literature, the most relevant behaviors defining the presence 

of compaction defects are: 

• Through-thickness compaction

• Out-of-plane shear

• Tool-preform friction

The compaction influences the thickness and FVC of the preform, whereas the friction 

defines how much tangential load is transferred from the tool into the preform. The lower 

the shear stiffness is, the more shear deformation will appear due to this tangential load. 

Therefore, it is important that compaction models for non-planar parts include these ma-

terial characteristics in order to accurately predict the preform behavior. 
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2.2 Material behavior and characterization 

methods of relevant preform deformation 

modes 

This section reviews the characteristic material behavior of preforms and presents the 

state of the art for experimental characterization tests. Based on the conclusions in Sub-

section 2.1.3, characterization methods for the through-thickness compaction behavior, 

the out-of-plane shear behavior and tool-preform friction are highlighted. Material char-

acteristics in the remaining directions are briefly discussed in the last subsection. 

2.2.1 Through-thickness compaction behavior 

Compaction experiments are conducted in order to characterize the mechanical behavior 

in thickness direction of fibrous preforms. Generally, the specimens are compressed be-

tween two steel plates in a universal testing machine (UTM). The force is measured by 

the load cell and the displacement is determined by the UTM or an external measurement 

system. One major difference in the experimental setups found in literature is the ratio 

of the size of the specimen and the compaction plates. Some authors used compaction 

plates, which were smaller than the preform specimens [105–108]. Other authors per-

formed the experiments with plates that were larger than the specimen dimensions [109–

111]. Kabachi et al. [112] used a setup for dry and wet compaction measurement where 

specimen and compression plates have the same diameter. According to an international 

benchmark on the experimental characterization of the preform compressibility, there 

was no significant influence of the ratio between specimen and plates on the measured 

stress response [113].  

The stresses acting during the compression to high FVC can reach the order of several 

megapascals [114]. These high stresses cause the deformation of the specimen as well 

as the testing equipment. Thus, the displacement-measurement from the cross-head of 

the testing machine can have a significant error at high compression forces. Moreover, 

compaction experiments show that the stress increases sharply near the maximum com-

pression [115]. Thus, small uncertainties in the thickness measurement can lead to ex-

tremely high variations of the stress near the minimum sample thickness. Consequently, 

an accurate and reliable thickness measurement method is crucial for the characteriza-

tion of the compaction behavior. 

Several methods have been applied to account for the machine compliance during com-

paction experiments. A very common method is using the cross-head displacement data 

from the UTM of an empty compaction test without specimen. This data can be used to 

correct the displacement measurement after the experiment [105,107,108]. However, it 

is also possible to use the compliance data for calibrating the UTM prior to testing [113]. 
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Other authors have used the displacement recorded by the UTM without mentioning 

measures accounting for machine deformation [109,111,116–118]. Another method to 

account for machine compliance during the experiments is an external measurement of 

the cross-head position. A widely used approach utilizes linear variable differential 

transformers (LVDTs) [113]. The displacement of the cross head can also be measured 

with optical systems, such as laser sensors [119–121] or video analysis [112,114,122]. 

Using external devices to measure the cross-head displacement offers the possibility to 

control the closing of the compaction plates. This makes data correction after testing 

unnecessary and allows compacting the sample to a defined FVC during the experiment. 

Moreover, the utilization of LVDTs or laser sensors allows for quantifying the parallel-

ism of the compaction plates [113]. The international benchmark on textile compression 

with 26 participating institutes [113] revealed a large scatter in the measured maximum 

compaction stresses. The coefficient of variation was 38% for two different dry materi-

als. One outcome of the study was that machine compliance can be very high and thus, 

has a major influence on the accuracy of the test results. May et al. [123] developed a 

reference specimen for compression tests in order to identify the specific sources of the 

variability between the different test methods. As their suggested design is 86 mm and 

thus, significantly thicker than normal specimens and does not account for time-depend-

ent behavior, the comparability to textile preforms is limited. 

Various investigations on the compaction response of different kinds of textile reinforce-

ments showed that they exhibit a time-dependent behavior. A very common procedure 

to characterize this behavior is to apply a constant compaction speed followed by a hold-

ing phase with constant plate position. A schematic displacement-controlled compaction 

experiment with the corresponding stress-response is shown in Fig. 2-8. Fibrous pre-

forms exhibit an exponential stress increase during the compaction with constant cross-

head speed. When the distance between the compaction plates is kept constant after the 

compression, the stress is relaxing. This time-dependent behavior has been observed for 

woven fabrics, random mats, knitted textiles and non-crimp fabrics [108,115,124–126]. 

Also natural fibers such as flax or jute exhibit the same time-dependent behavior when 

they are compacted in thickness direction [120,127,128]. Wei et al. [126] found that the 

binder content has a significant influence on the preform thickness compaction behavior. 

Schauer et al. [C8] concluded that higher binder content increases the compaction force. 

Compaction experiments have also been conducted on wet specimens. For dry and wet 

compaction experiments, the same qualitative time-dependent behavior was observed 

[113,119,129]. The comparison shows that the stress level during compaction and relax-

ation is lower for the wet preforms. Lower stresses can be explained with the lubrication 

effect due to the present fluid. The drop of compaction pressure because of lubrication 

is of special importance for CRTM processes. Buntain and Bickerton [130] performed 

compaction experiments during the resin injection in order to characterize tooling forces 

in CRTM processes. Their results show a significant drop of the clamping force during 

the holding phase compared to dry experiments. 
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Because of their special importance in the aerospace industry, there have been various 

investigations on the compaction behavior of prepregs showing the same qualitative be-

havior [131–133]. Lukaszewicz and Potter characterized the relaxation behavior of un-

cured prepreg at different displacements in dependency of the temperature [134]. Nixon-

Pearson et al. measured the time-dependent thickness evolution of uncured prepregs us-

ing creep experiments [135]. Etchegaray Bello et al. [P2] performed cyclic compaction 

experiments with uncured prepreg showing an increasing thickness reduction with each 

cycle. 

Fig. 2-8: Compaction stress progression during relaxation test. 

The compaction phase of displacement-controlled experiments can be divided into three 

sections, which are shown in Fig. 2-9. The first section is characterized by an almost 

linear stress increase with a small slope. It is followed by a nonlinear increase of the 

compaction stress in the second section. During the third phase, stress is rising rapidly 

with a nearly linear proportion. There are different deformation modes which have an 

influence on the compaction response of a textile. The four main factors are shown in 

Fig. 2-9. 

By means of micrographs, individual mechanisms can be related to different stages of 

the compaction process. The initial state before compaction is characterized by large 

voids between the individual layers and more or less bended fiber bundles depending on 

the fabric structure. The first phase of the compaction is dominated by the closing of 

large voids between the layers caused by two different effects. On the one hand, the 

distance between two adjacent layers is reduced by small horizontal displacements in-

creasing the so called nesting [108,136]. On the other hand, the yarns show varying 

curvature after handling and stacking the material, leading to gaps between adjacent lay-

ers. These small gaps are closed by balancing the crimp of the individual yarns 

[136,137]. In the second section, mesoscopic voids between yarns in one layer are 
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gradually reduced [111,137]. This phase is dominated by bending of the yarns and in-

compressible yarn deformation maintaining the cross sectional which leads to a nonlin-

ear stress increase [136,138]. In the last section, microscopic voids inside individual 

yarns are closed. The further compaction is dominated by the yarn compression and 

cross-section deformation causing a sharp stress increase [137–139].  

The stress release during the following relaxation phase can be explained by the 

reorientation of the bended fibers after the compaction [108,140]. The relaxation starts 

with a rapid stress decrease because of yarn rearrangement followed by a slower 

decrease due to fiber rearrangement inside the yarns [141]. 

Main factors Before After 

Nesting 

Crimp balancing 

Yarn flattening 

Yarn 

compression 

Fig. 2-9: Basic compaction effects during the compaction of textiles (adapted from [108,137]). 

2.2.2 Out-of-plane shear behavior 

According to the author’s knowledge, there is no test method available which has been 

designed for the characterization of out-of-plane shear behavior of dry fabrics. However, 

there are several out-of-plane shear characterization methods described for cured com-

posites, foams and adhesives. Fig. 2-10 gives an overview of methods to test shear prop-

erties found in literature.  

Gras et al. [142] characterized the out-of-plane shear behavior of a 3D woven composite 

with epoxy matrix. They used a standard three-point bending test with short coupons to 

measure the out-of-plane shear stiffness (see Fig. 2-10a). This short beam shear (SBS) 

test is a very common method to measure interlaminar shear strength of cured compo-

sites described in ASTM D2344/D2344M [143] and in DIN EN ISO 14125:2011-05 

[144]. The SBS test has been applied by several authors [145–147]. The idea behind this 

method is having a short and thick specimen, in which shearing is the predominant de-

formation mode when bending load is applied. Another commonly used method for the 

characterization of out-of-plane shear properties of composites is the compression shear 
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test (CST) illustrated in Fig. 2-10b [145,148]. Contrary to the SBS test, pure shear load 

is introduced into the specimen. Further methods for the characterization of shear prop-

erties are the single lap shear and double lap shear test shown in Fig. 2-10c and Fig. 

2-10d respectively. The test method is described in ISO 1922:2018 [149] for rigid cel-

lular plastics. Lap shear tests are widely used to characterize shear stiffness and shear

strength of adhesives and foams [150–152]. The advantage of the double lap shear com-

pared to single lap shear is that no rotational moment is introduced due its symmetry.

Fig. 2-10: Test methods for the characterization of out-of-plane shear properties: (a) short 

beam shear; (b) compression shear; (c) single lap shear; (d) double lap shear 

(adapted from [145,151]). 

2.2.3 Tool-ply friction 

The friction between two rigid bodies can be characterized by the relation between the 

normal force 𝐹𝑁 pressing the two bodies against each other and the tangential force 𝐹𝑇 

acting on the interface. According to Coulomb, the frictional behavior can be character-

ized by two phenomena, the static friction and the dynamic friction [153]. The static 

friction is defined by the static tangential force 𝐹𝑆𝑇 which needs to be overcome to bring 

a rigid body into motion [153–155]. 

𝜇𝑠 =
𝐹𝑆𝑇

𝐹𝑁
(2-1) 

The dynamic friction is characterized by the dynamic tangential force 𝐹𝐷𝑇 which is 

needed after the body started to move [153–155].  

𝜇𝐷 =
𝐹𝐷𝑇

𝐹𝑁
(2-2) 

The characteristic behavior of the tangential force 𝐹𝑇 for increasing displacement 𝑠 is 

shown in Fig. 2-11a. Until no tangential movement occurs, the force increases until the 

static frictional force 𝐹𝑆𝑇 is reached. The force drops immediately when the body starts 

to move and reaches the constant dynamic friction force 𝐹𝐷𝑇. However, experiments 
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with fibrous reinforcements often do not show constant dynamic friction with a more or 

less pronounced oscillating characteristic [156,157]. Significant oscillations occur for 

plastic materials, which can be explained with the so-called stick-slip behavior [158]. 

The same phenomenon has been reported for textile materials [159]. Fig. 2-11b shows 

the repetitive change between stick and slip phase during friction characterization. In 

such cases, the dynamic friction is given by the mean value over a defined sliding dis-

tance [158]. 

Fig. 2-11: Development of the tangential force versus displacement: (a) static and dynamic fric-

tion; (b) stick-slip behavior.  

Various methods have been developed for the characterization of the friction behavior 

between two rigid bodies. The sled test method, which is described in DIN 14882 [154] 

and ASTM D1894-01 [155] has been developed for the determination of the friction 

coefficients of textile materials. This test method, shown in Fig. 2-12a, is based on a sled 

with one contact material on the bottom which is pulled along a flat surface with the 

second contact material. The normal force results from the weight of the sled and a load 

cell measures the tangential force. By using a filament and low friction pulley, the test 

setup can easily be installed in a universal testing machine. This setup has been applied 

by various authors to characterize the friction behavior of fibrous reinforcements 

[156,157,159,160]. Further test methods are the pull-through and pull-out test, which 

are shown in Fig. 2-12b and Fig. 2-12c respectively. Both methods rely on the principle 

that a material is pulled between two surfaces which are pressed against each other. 

Thus, the friction between two contact surfaces is measured. The pull-through setup 

where the contact area remains constant during the experiment has been applied for the 

characterization of textile materials [161,162]. During a pull-out test, the contact area 

changes during the experiment, which has been used for thermoplastic composites in 

[163]. 
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Fig. 2-12: Experimental methods for the characterization of the friction behavior: (a) sled setup; 

(b) pull-through test; (c) pull-out test.

2.2.4 Overview on remaining material properties 

In-plane stiffness 

The characterization of in-plane tensile properties for textile materials is documented in 

DIN EN ISO 13934 T1 [164]. The tests are performed in a UTM which pulls the speci-

men at constant velocity while the force reaction is measured [165]. A good estimation 

of the tensile properties can be made by applying the rule of mixture as proposed in [56]: 

𝐸1 = 𝑉𝑓1 ∙ 𝐸𝑓 (2-3) 

The in-plane stiffness 𝐸1 is defined by the Young’s modulus of the fibers 𝐸𝑓 and the 

FVC of fibers parallel to direction 1 𝑉𝑓1. More advanced models of the tensile behavior 

of dry fibrous reinforcements on various scales are presented in [166]. 

In-plane shear 

There are two common methods for the characterization of the in-plane shear properties 

of textiles. On the one hand, the behavior can be characterized with the so-called picture-

frame test [167]. This test utilizes a rigid quadratic frame and frictionless joints with the 

fabric mounted inside the frame. By applying a displacement on one end of the frame, 

pure shear is introduced into the specimen. The whole test setup can be mounted into a 

UTM. On the other hand, the shear behavior can be characterized with the bias extension 

test [168]. For this test method, the fabric is cut into a rectangular geometry with a ±45° 

fiber orientation. Applying tensile load, introduces shear indirectly in the middle section 

of the specimen. Independent on the test method, the shear angle vs. shear force relation 

is usually strongly nonlinear for biaxial fabric materials [167–169]. Initially, the material 

behaves very soft with low stiffness. Due to shear locking, the stiffness increases at a 

certain shear angle to significantly higher values.  
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Poisson’s ratios 

The Poisson’s ratios describe the mechanical coupling between two normal deformation 

modes. Due to material symmetries in an orthotropic material, one in-plane Poisson’s 

ratio 𝜈12 and two out-of-plane Poisson’s ratios 𝜈23 and 𝜈31 have non-zero entries in the 

stiffness matrix [170].  

Penava et al. [171] describe a test to characterize the in-plane Poisson’s ratio 𝜈12 of a 

cotton and a wool woven fabric. They used rectangular specimens applying tensile load 

in a UTM. The strain in the perpendicular direction was measured with an optical sys-

tem. They concluded that the Poisson’s ratio shows a nonlinear behavior and a signifi-

cant difference for warp and weft direction. Sun et al. developed an analytical mechan-

ical model to calculate the in-plane Poisson’s ration of woven fabrics [172]. 

Very few publications can be found on characterization of the out-of-plane Poisson’s 

ratios. Dixit at al. [173] used a mesoscopic unit cell model to predict the macroscopic 

elastic properties of a woven fabric. 

2.3 Modeling approaches of the through-

thickness compaction behavior 

Different models have been developed to predict the compaction behavior of fibrous 

preforms. The models can be classified according to the level of detail on which the 

compaction is investigated. Micro-scale models look at the behavior of a textile on the 

level of individual fibers. The compaction is described with the bending and frictional 

contacts of filaments. On a higher level, yarns are modeled as continuums with homog-

enized properties. Meso-level models compute the deformation and interaction of indi-

vidual yarns. As according to Fig. 2-9 most of the compaction effects occur on meso-

scale, the literature review on small scale models focuses on the meso-level. Macro-

models offer the possibility to compute the compaction behavior of a multi-layer pre-

form as a single continuum. This allows to model more complex structures, as macro-

models are in general computationally more efficient. Most of the macro-models use 

viscoelastic material descriptions to model the time-dependent behavior. Thus, it is in-

teresting to not only look at macro-models specifically developed for fibrous preforms 

but also to review viscoelastic material models which were designed for materials with 

comparable behavior. 

The analysis of the compaction behavior in Subsection 2.2.1 showed that most of the 

contributing effects take place in the yarns or the individual fibers. Thus, it is obvious to 

build simulations on yarn and filament scale to gain deeper understanding of the com-

paction behavior of textiles. Because there is no consistent definition of the different 

levels in composite simulations in literature, the following definitions illustrated in Fig. 

2-13 are used here:
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• Macroscopic scale:

On a macroscopic scale, the properties of the textile layer are homogenized to a

single continuum. The mechanical behavior of the continuum is usually de-

scribed with an anisotropic constitutive law. This allows to describe the different

properties in fiber direction and perpendicular to it in a single element. The

smeared approach does not allow to model effects which occur on yarn level,

such as gaps between yarns. Simulations on macroscopic level can either be per-

formed with 2D or 3D elements depending on the desired output. For instance,

draping simulation models are usually discretized with shell or membrane ele-

ments because the focus is mostly on in-plane deformations. However, for com-

paction simulations, the focus is on the out-of-plane behavior. Thus, compaction

models are mostly discretized with 3D continuum elements. Here, no differenti-

ation is made if each layer of the reinforcement is modeled individually or all

layers are homogenized over the thickness. In both cases the simulation is on a

macroscopic level.

• Mesoscopic scale:

On a mesoscopic scale, each yarn of the reinforcement is modeled separately.

This allows to simulate the interactions between the tows in a textile. The indi-

vidual yarns are usually discretized with 3D continuum elements, but depending

on the application also 2D element approaches are possible. Simulations on

mesoscopic level do not allow to simulate the behavior of individual filaments

inside a yarn.

• Microscopic scale:

Models on microscopic scale provide the highest level of detail. Because a single

tow usually consists of thousands of individual filaments, discretizing every in-

dividual fiber leads to extremely complex models. Hence, it is a common ap-

proach to model yarns with a lower number of filaments. Each of those filaments

represents a certain number of fibers in the yarn. The filaments are usually dis-

cretized with chains of beam or bar elements. These models are called micro-

scopic scale here as well.

Fig. 2-13: Different scales for modeling a plain weave composite (adapted from [174]). 
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2.3.1 Models on microscopic scale 

Van Wyk [175] was one the first authors who presented a compaction model for fibrous 

textiles on a microscopic scale. He developed an analytical model which describes the 

compressibility of wool. In his model, he assumes that the acting pressure can be derived 

from the bending of individual fibers. Fig. 2-14 shows an overview of different numer-

ical models on micro-scale to describe different kinds of fabrics. Green et al. [176] mod-

eled the compaction of 3D woven preforms numerically on unit cells. They used multi-

ple chains of beam elements for each yarn. The comparison with CT scan images from 

experiments showed very good agreement. A very similar approach was chosen by 

Thompson et al. [177] to model the compression behavior of woven fabrics. They used 

chains of beam elements representing a certain number of fibers in a yarn. The mechan-

ical behavior of the yarn was modeled with a hyper-elastic constitutive model. They 

were able to predict the compaction pressure for different FVC very well. Durville et al. 

[178] developed a numerical framework to model 3D angle-interlock fabrics. They used

so-called macro-filaments discretized with beam elements to model bundles of filaments

in a fabric. The interactions of the individual filaments were modeled with frictional

contacts. With a numerical compaction simulation, they were able to predict a nonlinear

stress increase during compaction. However, the numerical results were not validated

against experimental data. Colin et al. [179] used chains of truss elements to model NCFs

on filament scale. They used virtual compaction of the textile to create a model of the

manufactured fabric including local defects.

Fig. 2-14: Examples of FE models on microscopic scale: (a) woven fabric (adapted from [177]); 

(b) NCF (adapted from [179]); (c) 3D angle-interlock fabric (adapted from [178]).

An interesting combination of microscopic and mesoscopic modeling approach was sug-

gested by Chen et al. [180]. They developed an analytical model for the compaction 

behavior of woven fabrics. In their model shown in Fig. 2-15, they include the bending 

of the individual fibers in the yarn and the deformation of the yarn cross-section. For the 

yarn bending, each fiber in the yarn is approximated with an elastic curved beam. How-

ever, the compaction of the yarn cross-section is modeled on a mesoscopic level. Their 

model showed good results compared to experimental data for a plain weave glass fiber 

fabric. Chen et al. [181] evolved their model to investigate the compaction behavior of 

multilayer preforms. With the multilayer model, they were able to investigate on nesting 
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effects and the influence of different numbers of layers. By shifting individual layers, 

they found that nesting has a significant influence on the compaction behavior of multi-

layer preforms. 

Fig. 2-15: Deformation of a plain weave unit cell during the compaction (adapted from [180]). 

2.3.2 Models on mesoscopic scale 

Jeong and Kang [182] studied the compression behavior of a plain weave using a 

mesoscopic unit cell model (see Fig. 2-16). They applied an isotropic elastic material to 

the cylindrical yarns and validated their model with compaction experiments from wool 

and nylon fabrics. 

Fig. 2-16: Mesoscopic unit cell model of a plain weave (adapted from [182]). 

Sherburn [183] used a mesoscopic finite element model to simulate the compression 

behavior of different reinforcement fabrics. He modeled the yarns with 3D continuum 

elements with a transversally isotropic material. Nonlinear behavior was assumed in 

longitudinal and transversal direction. The model was accurate in compression and ten-

sion of the fabrics. Potluri and Sagar [137] proposed an energy based numerical analysis 

to compute the compaction behavior of woven fabrics. They used springs to represent 

the compression of yarns in a unit cell and beam elements for the bending of the yarns. 

The thickness of the unit cell is computed by minimizing the potential energy function 

for a given compression force. Grail et al. [184] developed a method to generate finite 
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element models for several plain weave fabric layers. They modeled the layups on a 

mesoscopic level focusing on computing the tensile strains of the unit cell after compac-

tion. The did not model the compaction process and thus, did not predict the evolution 

of the stress during the compression. 

Lin et al. [185] used numerical simulations to model the compression behavior of woven 

fabrics. They modeled the yarns in a unit cell as a continuum with solid elements. They 

achieved satisfactorily results by using a nonlinear material model for the Young’s mod-

ulus in yarn thickness direction and the transverse yarn shear behavior. Fig. 2-17 shows 

models on meso-scale from Nguyen et al. [186] to predict the compaction behavior of 

textile preforms. The mechanical behavior of the yarn was modeled with a hypoelastic 

constitutive law. They performed a study on the effect of nesting and in-plane shear on 

the compaction response of the layup.  

Fig. 2-17: Five layer stack of a twill carbon fiber fabric: (a) without nesting; (b) with maximum 

nesting (adapted from [186]). 

Another mesoscopic approach for modeling biaxial NCF was proposed by Sirtautas et 

al. [187]. They modeled the mechanical behavior of the tows by superimposing two in-

dependent constitutive laws. A linear elastic law was used in fiber direction and a non-

linear law for the transverse behavior. They used the model to predict the draping be-

havior of a biaxial NCF layer. Wijaya et al. [188] developed a finite element model for 

the compaction of multi-layer textiles. With a transversally isotropic nonlinear elastic 

constitutive model they were able to predict the mechanical behavior of the tows. They 

used a meso-scale model of the textile to simulate the compression behavior.  

The models on microscopic and mesoscopic scale have shown excellent capabilities in 

predicting the internal structure of textile materials. They are extremely useful to gain 

deeper understanding of effects inside the fabric. These models can also be used for 

virtual characterization of the material behavior to generate input for simulations on a 

larger scale. However, the presented models were not capable of predicting the time-

dependent behavior which can be observed in experiments. Due to their complexity, 

small-scale models are extremely computationally expensive and therefore not suitable 

for process simulations of complex structures. 
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2.3.3 Modeling approaches on macroscopic level 

Macroscopic models are appropriate for the calculation of larger and more complex 

structures. It is important to keep in mind that simplifications and homogenization lead 

to a loss of information on a larger scale. An overview of rheological models is given, 

because many models on macroscopic scale rely on them to predict the time-dependent 

behavior. Afterwards, approaches to model the through-thickness compaction behavior 

are reviewed. Special emphasis is placed on the implementation of compaction models 

into FE codes.  

2.3.3.1 Rheological models for viscoelasticity 

When modeling the compaction behavior on a smaller scale, the stress response of the 

fabric is a result of the deformation of fibers or fiber bundles. However, if the compac-

tion is modeled on a macroscopic level, the time-dependent behavior of the textile (see 

Fig. 2-8) must be inherent in the material model of the continuum. A very common 

method to describe the constitutive equations for the stress-strain relationship is using 

rheological models.  

Basic rheological elements 

In rheology, three basic elements describe the fundamental properties elasticity, viscos-

ity and plasticity. The corresponding elements are the elastic spring or Hooke-element, 

the viscous dashpot or Newton-element and the friction or Coulomb element [189,190]. 

Hooke-element 

The Hooke-element, which is symbolized by a spring, describes the elastic deformation 

of a material. If a stress is applied to a purely elastic element, it will deform and once 

the stress is removed, it returns to its initial shape. In case of a linear elastic material the 

elastic stress 𝜎𝑒 is described by Hooke’s law: [191] 

𝜎𝑒 = 𝐸 ∙ 𝜖𝑒 (2-4) 

With the Young’s modulus 𝐸 and the elastic strain 𝜖𝑒. 

Newton-element 

The Newton-element is represented by a dashpot and describes the viscous deformation 

of a material. Viscous materials typically show a strain rate dependent stress response. 

A Newtonian fluid is defined by a linear dependency of the viscous stress 𝜎𝑣 on the 

viscous strain rate 𝜖�̇�: [190] 

𝜎𝑣 = 𝜂 ∙ 𝜖�̇� (2-5) 

Where 𝜂 is the dynamic viscosity of the material. 
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Coulomb-element 

The Coulomb element describes the plastic or permanent deformation of a material. It 

can be represented by a frictional element, which deforms only if the applied stress is 

above the yield stress 𝜎𝑌. The strain of a Coulomb element can be given as follows: 

[190] 

𝜖 = {
0

𝜖(𝑡)
 𝑓𝑜𝑟  

𝜎 < 𝜎𝑌

𝜎 > 𝜎𝑌
 (2-6) 

Different material behaviors can be modeled by connecting these basic elements in se-

ries or in parallel. Most of the material models found in literature that describe the com-

paction behavior of preforms are based on rheological models consisting of springs and 

dashpots. Consequently, the focus in this subsection is on these models.  

Tab. 2-1 shows the characteristic model response for different rheological elements. If 

a spring element is subjected to a constant strain, it will respond with a constant stress. 

If a dashpot is subjected to an instantaneous strain 𝜖, it sees an infinite strain rate and 

consequently with Eq. (2-5) infinite stress. If a spring and a dashpot element are con-

nected either in series or in parallel, two basic viscoelastic elements can be created. 

Maxwell element 

A spring and a dashpot connected in series is called Maxwell element. In a serial com-

bination, the stresses in both elements are the same, whereas the total strain in the Max-

well element is the sum of elastic and viscous strain. The strain rate of the Maxwell 

element 𝜖̇ can be written as follows: 

𝜖̇ = 𝜖�̇� + 𝜖�̇� (2-7) 

Thus, combining Eqs. (2-4), (2-5) and (2-7) leads to the differential equation: 

𝜖̇ =
1

𝐸
�̇� +

1

𝜂
𝜎 (2-8) 

By introducing the relaxation time 𝜏 =
𝜂

𝐸
, the homogenous solution of the differential 

equation yields: 

𝜎ℎ(𝑡) = 𝐶 ∙ 𝑒𝑥𝑝 (−
𝑡

𝜏
) (2-9) 

For a relaxation test with the total strain 𝜖(𝑡) = 𝑐𝑜𝑛𝑠𝑡 and thus, 𝜖̇ = 0, the particular 

solution of (2-8) is: 

𝜎𝑝(𝑡) = 0 (2-10) 
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With the initial condition of the Maxwell element 𝜎(0) = 𝐸𝜖(0), the constant can be 

derived as 𝐶 = 𝐸𝜖(0). Thus, the solution of the differential equation (2-8) can be written 

as [192–195]: 

𝜎(𝑡) = 𝐸 ∙ 𝑒𝑥𝑝 (−
𝑡

𝜏
) 𝜖(0) (2-11) 

In a relaxation test, the stress in the Maxwell element relaxes exponentially according 

to Eq. (2-11). For times 𝑡 → ∞, the stress in the element becomes zero. During a creep 

test, the stress in the Maxwell element and its constituents remains constant. Thus, ac-

cording to Eq. (2-4) the elastic strain is constant, whereas the viscous strain increases at 

constant rate according to Eq. (2-5). Hence, the total strain increases linearly starting at 

𝜖(0) =
𝜎

𝐸
.

Kelvin-Voigt element 

A spring and a dashpot connected in parallel is called Kelvin-Voigt element. The parallel 

connection leads to equal strains in the two branches, whereas the total stress is the sum 

of the elastic and viscous stress. This assumption together with Eqs. (2-4) and (2-5) leads 

to the differential equation: 

𝜎 = 𝐸𝜖 + 𝜂𝜖̇ (2-12) 

The differential equation can be solved for a creep test with 𝜎(𝑡) = 𝜎(0) = 𝑐𝑜𝑛𝑠𝑡. The 

homogeneous and particular solution can be written as follows: 

𝜖ℎ(𝑡) = 𝐶 ∙ 𝑒𝑥𝑝 (−
𝑡

𝜏
)       and       𝜖𝑝(𝑡) =

𝜎(0)

𝐸
(2-13) 

By using the initial condition 𝜖(0) = 0 for the creep test, the constant 𝐶 = −𝜎(0)/𝐸 

can be determined. Thus, the solution of the differential equation (2-12) is [192–194]: 

𝜖(𝑡) =
1

𝐸
∙ (1 − 𝑒𝑥𝑝 (−

𝑡

𝜏
)) 𝜎(0) (2-14) 

During a relaxation test, the stress in the spring remains constant according to Eq. (2-4). 

However, the stress in the dashpot is zero due to zero strain rate. Thus, the total stress 

during the relaxation is only determined by the elastic stress. In a creep test, the total 

strain increases according to Eq. (2-14) at constant stress 𝜎(0). When the stress is re-

moved, the strain is completely recovered going back to zero. 
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Tab. 2-1: Rheological elements with characteristic model responses (adapted 

from [192,196,197]). 

Element Input Output 

Spring element 

Dashpot element 

Maxwell element 

Kelvin-Voigt element 
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There are various possibilities of combining the rheological elements from Tab. 2-1 to 

larger structures. Two models which have shown the best suitability for modeling the 

compaction of fabrics are discussed in more detail, the Burgers and the generalized Max-

well model [198].  

Burgers model 

The Burgers model is a four-element model consisting of a Maxwell and a Kelvin ele-

ment connected in series (see Tab. 2-2). 

By combining Eqs. (2-4), (2-5) and (2-14), the strain of the creep test can be given as 

follows [192]: 

𝜖(𝑡) =
𝜎(0)

𝐸1
∙ (1 +

𝑡

𝜏1
+

𝐸1

𝐸2
(1 − 𝑒𝑥𝑝 (−

𝑡

𝜏2
))) (2-15) 

Where 𝐸1, 𝜏1 and 𝐸2, 𝜏2 are the elastic and viscous parameters in the Maxwell element 

and Kelvin-Voigt element respectively.  

Tab. 2-2: Model response of a Burgers model [192,199]. 

Element Input Output 

Burgers model 
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As stated in Eq. (2-15), the initial strain 𝜖(0) at 𝑡 = 0 is the strain in the spring with 

stiffness 𝐸1. During the creep test, the strain increases as a sum of the linear increase 

from the Maxwell element and the exponential increase from the Kelvin Voigt element. 

When the stress is released, the strain in the spring 𝐸1 goes back to zero instantaneously. 

This leads to a jump in the strain response at the beginning of the recovery. The strain 

decreases and converges to the permanent strain deformation of the dashpot 𝜏1. As stated 

in Eq. (2-15), the initial strain 𝜖(0) at 𝑡 = 0 in a relaxation test is the strain in the spring 

with stiffness 𝐸1. The model response of a relaxation test is defined by the free dashpot 

causing the strain in the remaining elements to recover. Thus, the total stress converges 

to zero. 

Generalized Maxwell model 

As depicted in Tab. 2-3, the generalized Maxwell model consists of several Maxwell 

elements and a spring element, which are connected in parallel. The number of so-called 

Maxwell-branches is arbitrary and can be chosen to fit experimental data best. As the 

number of parameters increases with more parallel branches, a sensitivity analysis is 

usually performed to determine a reasonable number of branches. Due to the parallel 

connection, the strains in all branches of the generalized Maxwell model are the same. 

The total stress can be calculated by the sum of the stresses in the individual branches. 

Thus for 𝑁 Maxwell branches the total stress can be determined from Eqs. (2-4) and 

(2-11): 

𝜎(𝑡) = 𝐸0𝜖(0) + ∑ 𝐸𝑗

𝑁

𝑗=1

𝑒𝑥𝑝 (−
𝑡

𝜏𝑗
) 𝜖(0) (2-16) 

Tab. 2-3: Model response of a generalized Maxwell model [198]. 

Element Input Output 

generalized Maxwell model 
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In a relaxation experiment, the stress in a generalized Maxwell model decreases expo-

nentially according to (2-16). Because of the free spring 𝐸0, the total stress does not 

relax to zero. For 𝑡 → ∞, the total stress equals the stress in the free spring, 𝜎 = 𝐸0𝜖(0).

Because of the free spring, the response of the creep test shows an instantaneous strain. 

During the creep test, the dashpots are slowly releasing their initial stress. The general-

ized Maxwell model reaches an equilibrium state when all dashpots have zero strain rate 

und thus, zero viscous stress. The following stress release leads to an instantaneous re-

covery of the elastic stress of the spring 𝐸0. In the further course, the strain which is 

stored in the dashpots goes back to zero. Contrary to the Burgers model, the strain con-

verges to zero without any permanent deformation [198]. 

A general formulation for the stress during a relaxation test has been reported by 

Schapery in [200]: 

𝜎(𝑡) = 𝐸(∞)𝜖 + ∆𝐸(𝑡)𝜖 (2-17) 

Where 𝐸(∞) is the final or equilibrium value of the so-called relaxation modulus. ∆𝐸(𝑡) 

is the transient value of the modulus. The stress response to an arbitrary strain input can 

be calculated as follows by means of the Boltzmann superposition integral [200]: 

𝜎(𝑡) = 𝐸(∞)𝜖 + ∫ ∆𝐸(𝑡 − 𝑠)
𝑑𝜖

𝑑𝑠
𝑑𝑠 

𝑡

0

(2-18) 

Where ∆𝐸(𝑡 − 𝑠) is the relaxation function. In a similar way the strain response in a 

creep experiment can be calculated with the creep compliance 𝐷(𝑡) [200]: 

𝜖(𝑡) = 𝐷(0)𝜎 + ∫ ∆𝐷(𝑡 − 𝑠)
𝑑𝜎

𝑑𝑠
𝑑𝑠 

𝑡

0

(2-19) 

With the creep function ∆𝐷(𝑡 − 𝑠). According to Eq. (2-16) the relaxation function of a 

generalized Maxwell-model is defined as: 

∆𝐸(𝑡 − 𝑠) = 𝐸0 + ∑ 𝐸𝑗

𝑁

𝑗=1

𝑒𝑥𝑝 (−
𝑡 − 𝑠

𝜏𝑗
) (2-20) 

Thus, the stress in the integral representation can be given as [195]: 

𝜎(𝑡) = 𝐸0𝜖(𝑡) + ∑ ∫ 𝐸𝑗𝑒𝑥𝑝 (−
𝑡 − 𝑠

𝜏𝑗
)

𝑑𝜖

𝑑𝑠
𝑑𝑠 

𝑡

0

𝑁

𝑗=1

(2-21) 

Solving the integral leads to the recursive formulation of the stress ℎ𝑗(𝑡) in one Maxwell 

branch as presented by Kaliske and Rothert [195]: 
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ℎ𝑗,𝑡+∆𝑡 = 𝑒𝑥𝑝 (−
∆𝑡

𝜏𝑗
) ℎ𝑗,𝑡 +

𝐸𝑗

𝐸0

1 − exp (−
∆𝑡
𝜏𝑗

)

∆𝑡
𝜏𝑗

[𝜎0,𝑡+∆𝑡 − 𝜎0,𝑡] (2-22) 

With this formulation the current stress at time 𝑡 + ∆𝑡 in one Maxwell branch ℎ𝑗,𝑡+∆𝑡 

can be given in dependency of the stress of the previous time step ℎ𝑗,𝑡. The parameter 

𝜎0,𝑡 is the stress in the free spring at time 𝑡. By introducing the “initial stress” 𝑠0 = 𝜎0
𝐸𝑗

𝐸0
, 

the following recursive formulation by Simo and Hughes [201] can be derived: 

ℎ𝑗,𝑡+∆𝑡 = 𝑒𝑥𝑝 (−
∆𝑡

𝜏𝑗
) ℎ𝑗,𝑡 +

1 − exp (−
∆𝑡
𝜏𝑗

)

∆𝑡
𝜏𝑗

[𝑠0,𝑡+∆𝑡 − 𝑠0,𝑡] (2-23) 

The total stress in the generalized Maxwell model with 𝑁 branches at time 𝑡 + ∆𝑡 can 

be given as [195,201]: 

𝜎𝑡+∆𝑡 = 𝐸0𝜖𝑡+∆𝑡 + ∑ ℎ𝑗,𝑡+∆𝑡

𝑁

𝑗=1

 (2-24) 

Finite element implementation of rheological models 

The incremental formulation of the stress is well suited for an implantation into a finite 

element code. Kaliske and Rothert [195] used their formulation to predict time-depend-

ent deformations of rubber structures. Careglio et al. [202] used the recursive formula-

tion in Eq. (2-24) in a finite element code and validated it with analytical results. They 

achieved very good results for relaxation and creep tests. In [203] Schapery extends his 

viscoelastic model to three-dimensional cases based on thermodynamic principles. Lai 

and Bakker [204] extended the one-dimensional Schapery representation for creep to a 

three-dimensional model. They showed that the time step size has no influence on the 

accuracy and that numerical results matched experimental data very well.  

In a publication from 1997 [205] Schapery included nonlinear viscoelastic and 

viscoplastic behavior into the constitutive equations. Varna et al. [206] analyzed 

Schapery’s nonlinear viscoelastic model to simulate strain-controlled boundary 

conditions. They used the incremental form of the model for an implementation into a 

finite element software. Haj-Ali and Muliana [207] implemented Schapery’s three-

dimensional model in its incremental form into a finite element environment. Their 

numerical results for creep and recovery strain response were in good agreement with 

the experiments. In [208] Monsia used a single Maxwell element with nonlinear spring 

and nonlinear dashpot to model the time-dependent behavior of viscoelastic materials. 

In 2019, Birzle and Wall [209] used nonlinear viscoelastic models to predict the 
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compression behavior of biomedical materials. Their model is based on a generalized 

Maxwell element with an additional fractional term. Xia et al. [210] modeled the 

compaction behavior of an epoxy polymer using a nonlinear viscoelastic model. Their 

model consists of a series of Kelvin-Voigt elements with an additional spring. The 

comparison of their model and Schapery’s model with experimental results showed 

generally a good agreement. However, Schapery’s model could not predict stress 

unloading at high stress levels accurately. 

2.3.3.2 Macroscopic modeling approaches of fibrous 

materials 

Besides the material models which generally describe viscoelastic material behavior, 

there are material models which have been specifically developed to predict the response 

of fibrous preforms. Tab. 2-4 gives an overview of the most relevant compaction models 

in literature for preforms and prepregs. Most of the macroscopic formulations are based 

on rheological models presented in Subsection 2.3.3.1 or the decomposition of strain 

and strain rate dependent stresses. 

Formulations based on rheological models 

Kim et al. [117] performed compression and relaxation tests on different rovings, a plain 

weave and a random mat. They fitted the experimental relaxation data to a Maxwell-

Wiechert model, which corresponds to the generalized Maxwell model without the free 

spring. For the compression, they propose the following model from Gutowski to calcu-

late the stress in thickness direction [211]: 

𝜎 = 𝐴𝑠

√
𝑉𝑓

𝑉0
− 1

(√
𝑉𝑎

𝑉𝑓
− 1)

4 (2-25) 

Where 𝐴𝑠 is a constant, 𝑉𝑓 the FVC, 𝑉0 the initial FVC and 𝑉𝑎 the maximum possible 

FVC. A very similar approach with different formulations for compaction and relaxation 

was suggested by Bickerton and Kelly in [116]. Similar to Kim et. al, they used a parallel 

connection of several Maxwell-elements to model the relaxation behavior. Vangheluwe 

and Kiekens [212] developed a model which describes the relaxation behavior after dy-

namic loading of the preforms. They used a nonlinear generalized Maxwell model with 

a single Maxwell element. The stress in the free spring is proportional to the square of 

the strain. Vangheluwe’s model has been adapted by Ghosh et al. [213] to model the 

strain rate dependent behavior of different spun yarns. They assumed the nonlinear be-

havior of the free spring to be dependent on 𝜖𝑛, with 𝑛 > 0.
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Kelly et al. [119,214] investigated on the viscoelastic compaction behavior of continu-

ous glass filament mats. They derived a formulation for the stress response from a finite 

strain thermomechanical model. They obtained a model which corresponds to a gener-

alized Maxwell model with nonlinear springs in the branches. Their formulation allows 

to model compression and relaxation in a single equation. A comparison of experimental 

and model results for a compaction of dry and wet CFM preforms to a FVC of 0.35 is 

shown in Fig. 2-18. The model matches the qualitative behavior very well. However, 

there are significant deviations during the relaxation, especially for the dry material. 

More recently, Khan et al. [215] used Kelly’s model and extended it with an additional 

material parameter. They applied the model to predict the compaction response of dif-

ferent kinds of 3D woven fabrics. 

Fig. 2-18: Experimental and model stress response for CFM preforms at different compaction 

speeds [119]. 

Matsuo et al. [216] modeled the relaxation behavior of different knitted fabrics with a 

Burgers model. Relaxation experiments were performed at different rotation angles from 

the normal axis in thickness direction. Their results were in good agreement with exper-

imental data. Somashekar et al. [217] used various glass fiber reinforcements, such as 

plain weave, biaxial stitched fabric, CSM and CFM for compaction experiments. They 

applied a linear generalized Maxwell model to predict the stress response during the 

relaxation. However, their model did not account for the influence of different compac-

tion velocities on the relaxation behavior. Xiong et al. [218] used a model based on a 

generalized Maxwell approach to predict the compaction behavior of thermoplastic pre-

pregs. They used the recursive formulation Eqs. (2-23) and (2-24) by Simo and Hughes 

[201] to calculate the stress response. They implemented the model into a commercial

FE software to model the consolidation behavior of thermoplastic prepregs during ther-

moforming.
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Danzi et al. [107] published a compaction model for dry woven carbon fiber fabrics. 

Their formulation uses a single formula for compression and relaxation, which is based 

on a nonlinear generalized Maxwell model with three branches. The springs and dash-

pots in the model are nonlinear. They used a Heaviside function to activate a second 

term for the stress relaxation after the compression step. They defined the stress response 

in dependency of the ramp time 𝑡𝑟 as follows: 

𝜎(𝑡) = 𝜖̇ {𝐸0𝑡 + 𝜏1𝐸1 (1 − exp (−
𝑡

𝜏1
)) + 𝜏2𝐸2 (1 − exp (−

𝑡

𝜏2
)) +

𝜏3𝐸3 (1 − exp (−
𝑡

𝜏3
)) − Θ(𝑡𝑟 − 𝑡) [𝐸0(𝑡𝑟 − 𝑡) +

𝜏1𝐸1 (exp (−
𝑡𝑟−𝑡

𝜏1
) − 1) + 𝜏2𝐸2 (exp (−

𝑡𝑟−𝑡

𝜏2
) − 1) +

𝜏3𝐸3 (exp (−
𝑡𝑟−𝑡

𝜏3
) − 1)]} 

(2-26) 

The predicted stress response for a ramped strain input was in very good agreement with 

experimental results. However, there are two main drawbacks, which make an imple-

mentation of the model into an FE code difficult. On the one hand, Eq. (2-26) requires a 

constant strain rate limiting the model to cases with constant strain rate during the com-

paction. On the other hand, the ramp time needs to be known in advance. This might be 

difficult in cases, where not all preform surfaces are in contact with the tool at the same 

time (e.g. in small tool radii). More recently Werlen et al. [219] validated  anzi’s model 

for different fabrics in dry and wet condition. They solved the model numerically and 

linearized it over small time increments. This way they could overcome the drawbacks 

of  anzi’s original model mentioned above. The model predictions of the stress response 

were accurate compared to the experimental data. Mei et al. [220] developed a compac-

tion model for glass fiber fabrics for varying temperatures. They propose to use a gen-

eralized Maxwell model for relaxation experiments and a series connection of two Kel-

vin-Voigt elements with a spring for creep experiments. 

Formulations based on strain and strain rate dependent functions 

Besides rheological models, the decomposition of the stress into a strain and a strain rate 

dependent function is a commonly used method in literature to describe time-dependent 

behavior.  

Saunders et al. [221] developed a compaction model for resin-impregnated fiber cloths. 

They split the compaction pressure into one component to compress the fiber bed and 

one representing the resin pressure. Their model for the viscoelastic deformation of the 

fiber network is summing an elastic and a viscous stress component. They validated their 

model only for the compression phase. A very similar approach was chosen by Hubert 

et al. [131] to describe the compaction response of carbon fiber prepregs. They assumed 

that the fiber bed deformation is purely elastic, whereas the viscous component of the 

response comes from the compaction of the resin. The total compaction stress is com-

posed of the sum of the elastic stress in the fiber bed and the resin pressure. The 
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additively composition of strain and strain rate dependent stress can also be interpreted 

as a Kelvin-Voigt element (see Fig. 2-19). 

Fig. 2-19: Kelvin-Voigt representation of an additively composition of stresses (adapted from 

[131]). 

Furthermore, a multiplicative decomposition has been used to combine strain and strain 

rate dependent responses in a constitutive law. Accordingly, the viscoelastic behavior 

can generally be described as [222]: 

𝜎(𝜖, 𝜖̇) = 𝑓𝛼(𝜖̇)𝑓𝛽(𝜖) (2-27) 

For compaction experiments, Eq. (2-27) can be interpreted as the multiplicative decom-

position of FVC and compaction speed dependent functions. Kelly [222] developed a 

model for the compaction phase based on Eq. (2-27). For the stress relaxation phase, 

Kelly proposes a different model based on his formulation in [119]. According to the 

author, the model only applies for materials, for which the normalized stress curves col-

lapse to a single master curve.  

Belnoue et al. [223] developed a hyper-viscoelastic compaction model for thermoset 

prepregs based on Kelly’s findings for impregnated preforms. They used the following 

formulation to calculate the stress response [223]: 

𝜎(𝜖, 𝜖̇) = 𝑓𝛼(𝜖̇)𝑓𝛽(𝜖)𝜖̇ = 𝑓𝛼(𝜖̇)𝑓𝑚𝑖𝑐𝑟𝑜(𝜖)𝑓𝑚𝑎𝑐𝑟𝑜(𝜖)𝜖̇ (2-28) 

In their phenomenological model, the strain dependent term is composed of a term ac-

counting for deformation on macro-scale and a term for micro-scale. The model from 

Belnoue was later used by Valverde et al. [224] to model the compaction behavior of 

reinforced thermoplastic UD tapes. Blößl and Schledjewski [225] developed an empiri-

cal model based on the compaction work for different natural fiber textiles. Their model 

is only applicable to predict the stress response during the compression phase. 

Tab. 2-4 gives an overview of the most relevant compaction and relaxation models re-

viewed in this section. The table shows that most models that can predict compaction 

and relaxation for glass and carbon fiber preforms are based on generalized Maxwell 

models. However, some of these approaches use separate models for the two phases. As 

pointed out by Kelly et al. [119], it is advantageous to have a single model for compac-

tion and relaxation. The model from Danzi et al. [107] is not considered as a single 
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model, because two models are connected with a Heaviside function. This would require 

a case distinction when implemented in a subroutine. The models from Belnoue et al. 

[223] and Valverde et. al [224] show a very promising approach for prepregs.

Tab. 2-4: Overview of macroscopic material models for the compaction behavior of fibrous 

textiles  

Materials Generalized 

Maxwell/ Max-

well Wiechert 

Burgers and 

Voigt model 

Decomposition of 

strain and strain 

rate 

Empirical 

Dry carbon fiber 

fabric 

Khan et al [215] 

Danzi et al. [107] 

Werlen et al. 

[219] 

Dry glass fiber 

reinforcements 

Kim et al. [117] Kelly [222] 

Bickerton and 

Kelly [116] 

Kelly et al. [119] 

Somashekar et al. 

[217] 

Mei et al. [220] 

Natural fiber 

and other fiber 

materials 

Vangheluwe and 

Kiekens [212] 

Saunders et al. 

[221] 

Blößl and 

Schladjewski 

[225] 

Ghosh et al. [213] Matsuo et al. 

[216] 

Pre-impre-

genated fibers 

(thermoset and 

thermplastic) 

Xiong et al. [218] Hubert and Pour-

sartip [131] 

Belnoue et al. 

[223] 

Valverde et al. 

[224] 

compaction relaxation both single model 
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Comparative studies: 

Šajn et al. [226] performed stress relaxation experiments with several kinds of woven 

wool/lycra fabrics. They used different rheological models to predict the stress response 

of the tested materials. They found that a generalized Maxwell model with a nonlinear 

free spring shows the most accurate results. Yenilmez et al. [198] compared different 

rheological models to analyze their capability to predict the compaction behavior of wo-

ven fabrics. They included Maxwell, Kelvin-Voigt, Zener, Burgers and generalized 

Maxwell model for the study. A Zener model is a simplified generalized Maxwell mod-

els with a single viscoelastic branch. The models were tested for a stress input consisting 

of load increase, settling at constant load, unloading and strain relaxation at zero stress. 

They concluded that Burgers and generalized Maxwell models have the highest perfor-

mance. However, there was a significant difference in the performance of these two 

models. Burgers model showed good performance for the material spring-back when the 

stress was released, but failed to model the creep behavior at constant stress accurately. 

The characteristics of the generalized Maxwell model were exactly the opposite with 

good prediction of the creeping and poor results for the spring-back. Dörr et al. [227] 

implemented two different nonlinear viscoelastic models in a commercial FE code, a 

Kelvin-Voigt and a generalized Maxwell model. They analyzed both approaches for the 

applicability to model the intra-ply behavior of thermoplastic UD-tapes. They concluded 

that only the generalized Maxwell model can describe the whole material characteristic. 

2.3.3.3 Planar compaction process simulation models 

Several macroscopic compaction models presented in Subsection 2.3.3.2 have been im-

plemented into FE codes in order to simulate composite manufacturing processes. Solv-

ing the models numerically enables the possibility to analyze different geometries and 

applying non-constant displacement or force boundary conditions. Moreover, many au-

thors coupled the compaction analysis with a resin filling simulation [228–232]. This 

allows for considering the effect that the permeability is dependent on the FVC of the 

preform [233–235]. In force-controlled setups, such as VARTM, the coupling allows to 

predict the thickness increase due to lubrication effects in the preform [236–238]. 

Models designed for simulating closed mold processes mostly focus on the prediction 

of tooling forces. With the numerical analysis, setup costs can be optimized and the 

usage of press capabilities can be maximized [239]. Bickerton and Buntain [228] devel-

oped an FE model to predict forces in RTM and injection compression molding pro-

cesses. Their model assumes that the total clamping force 𝐹𝑐𝑙𝑎𝑚𝑝 consists of the force in 

the fiber bed 𝐹𝑓𝑖𝑏𝑒𝑟 and the fluid force 𝐹𝑓𝑙𝑢𝑖𝑑 from the resin pressure: 

𝐹𝑐𝑙𝑎𝑚𝑝 = 𝐹𝑓𝑖𝑏𝑒𝑟 + 𝐹𝑓𝑙𝑢𝑖𝑑 (2-29) 
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They used a simple model with a Taylor series for the compaction stress. Their model is 

capable of predicting clamping forces during the whole process from dry compaction to 

the complete filling of the part. Gupta et al. [229] improved the model presented in [228] 

in order to consider rate dependency of the preform. They used Eq. (2-29) and applied a 

bilinear model for the dependency of the fiber compaction stress on the compaction 

velocity. A similar approach based on Eq. (2-29) was chosen by Walbran et al. [230] to 

model forces in RTM and compression RTM processes. They implemented the 

viscoelastic compression model from Kelly [222] in an FE code. A separate model for 

stress relaxation based on the decomposition of strain and strain rate dependent stress 

was applied in the code.  

Further research focused on predicting the thickness in force-controlled processes such 

as VARTM or resin film infusion. Kang et al. [231] developed a model to compute the 

swelling of the preform during infusion in a VARTM process. Similar to previous au-

thors, they assume that the load is shared by a purely elastic fiber bed and the viscous 

resin. The fiber bed compaction stress is defined by a nonlinear expression depending 

and the FVC. The impregnated fiber bed is modeled with a viscoelastic element consist-

ing of a spring in series with a Kelvin-Voigt element. Park and Kang [232] used the 

same approach and applied it to resin film infusion processes. Correira et al. [240] de-

veloped a process simulation model to predict resin flow and compaction in VARTM 

processes. They describe the compaction pressure with a power law in dependency of 

the FVC. Their model does not account for stress relaxation or material creep. Another 

process simulation model was developed by Acheson et al. [236]. They coupled a filling 

and compaction simulation to predict the thickness in VARTM processes. They used a 

model from Gutowski, Eq. (2-25), to relate the compaction stress to the FVC. Givignon 

et al. [237] presented a coupled filling and compaction simulation approach for VARTM 

which uses a one-dimensional FE model for the compaction. They use a simple power 

law which describes the FVC in dependency of the compaction stress. More recently 

Chang [238] presented a coupled injection and compaction approach for force-con-

trolled RTM processes. He related compaction stress to the FVC with experimental data 

without using a model. 

In most of the discussed approaches, rather simple compaction models were used. This 

is motivated by an easier implementation and shorter calculation times. Moreover, the 

material characterization for a complex model requires extensive testing. However, most 

of the simple compaction models do not allow predicting time-dependent effects. Fur-

thermore, the models presented here were only applied for planar geometries. Effects 

which occur during the compaction of non-planar preforms are not considered. 
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2.4 Modeling approaches for non-planar 

compaction behavior 

During the compaction of more complex shaped preforms, further effects occur in addi-

tion to the viscoelastic behavior in thickness direction. Different in-plane tension or 

compression on the inner and outer preform layers lead to shear strains in the preform. 

Consequently, compaction models need to be extended in order to predict the behavior 

of non-planar cases. In this section, modeling approaches to predict the compaction re-

sponse of non-planar reinforcements are presented. After a brief overview of analytical 

models, the focus is placed on numerical process simulations. Because the material be-

havior during LCM and prepreg processes is very similar and compaction simulation 

approaches are nearly the same, both processes are included in the review. Moreover, 

there is more literature published on prepreg processes. 

2.4.1 Analytical models for the prediction of thickness 

gradients 

Gao and Young [241] developed a simple model for the prediction of the layup height 

after bending around a small convex tool radius. Their model takes fiber stretching, fiber 

straightening, shear slip and buckling into account to calculate the thickness after pre-

forming. Bickerton et al. [242] used an analytical model to account for FVC and perme-

ability changes in curved preforms. They assume a uniform FVC in all layers, which is 

increased due to in-plane compression of the preform after bending. They calculate the 

FVC in dependency of the inner tool radius, the total thickness of the preform, the initial 

FVC and the FVC of the tows.  

Dong [71] suggested the following analytical model to calculate the gap height ℎ𝑟,𝑚𝑎𝑥 

in a closed curved RTM tool: 

ℎ𝑟,𝑚𝑎𝑥 =
ℎ𝑃𝜇𝑠𝑖𝑛𝜙

𝑟𝑎𝑉𝑓
𝑏 (2-30) 

Where ℎ is the thickness of the mold cavity, 𝑃 is the mold closure force, 𝜇 the friction 

coefficient, 𝜙 the curvature angle, r the mid-plane radius as depicted in Fig. 2-20 and 𝑉𝑓 

the FVC. With parameters 𝑎 and 𝑏 the model is fitted to experimental data. 

Koutsonas [63] used a power law with two fitting parameters to calculate the preform 

height in dependency of the compaction pressure. The gap height was determined by 

fitting the simulation results to experimental data. Levy and Hubert [88] developed an 

analytical model for the prediction of thickness variations of out-of-autoclave prepreg 

processes. Their model calculates the thickness based on two geometric ratios, the radius 

to flange length and the thickness to radius ratio.  
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Fig. 2-20: Preform deformation and resulting gap height in tool radii (adapted from [71]). 

2.4.2 Finite element modeling approaches for non-

planar compaction 

There are viscoelastic material models available in commercial FE software tools, such 

as Abaqus/CAE or ANSYS [243,244]. However, the provided models offer only the 

possibility to use isotropic material properties. Thus, in order to use a material model 

with viscoelastic out-of-plane and elastic in-plane behavior with different stiffness, pro-

gramming a user-defined material is necessary. A compaction model from Kelly and 

Bickerton [245] has been implemented in LIMS. LIMS is the liquid injection molding 

simulation tool developed at the University of Delaware [246]. 

LCM processes 

The compaction response of non-planar preforms in LCM process has not been modeled 

by many authors. Bickerton and Kelly [245] implemented their viscoelastic model pre-

sented in [119] in a FE software to predict tooling forces in RTM process. They extended 

the model to complex geometries by adding a shear stress component 𝜏 according to: 

𝜏 = {
0

𝜇𝑓𝜎𝑓
 

𝛼 = 0
𝛼 > 0

(2-31) 

With the known draw angle 𝛼 of the tool, the shear stress component in closing direction 

is calculated from the friction coefficient 𝜇𝑓 and the normal stress 𝜎𝑓. One of the main 

drawbacks is, that the angle between surface and tool closing direction needs to be 

known for every element.  

In a later publication, the same authors [239,247] presented a tooling force analysis for 

RTM and injection compression molding processes. They applied the same methodol-

ogy to different geometries and compared numerical results to experimental data. Fig. 

2-21 shows the normal and shear stress distribution after the compaction and before the

resin injection in an RTM process.
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Fig. 2-21: Normal and shear stress of a hemisphere after compaction and before resin injection 

(adapted from [247]). 

Walbran et al. [70] implemented the compaction model described by Kelly in [222] in 

an FE code. They also accounted for the shear component of the resulting compaction 

stress by the friction coefficient between tool and preform according to Eq. (2-31).  

Some authors applied compaction models in process simulations for compression RTM. 

Because this process is often force-controlled, predicting the thickness of the final part 

is of special interest. Most of the reviewed literature showed the implementation of sim-

ple models without time-dependency not allowing for the prediction of creep or spring-

back effects [248–250]. Verleye et al. [251] presented a model for compression RTM 

processes applying an iterative method to solve the viscoelastic model from [222]. With 

this approach, they were able to use a time-dependent model for force-controlled setups. 

Although the model is applied to complex geometries, it does not account for frictional 

or out-of-plane shear effects. 

Causse et al. [56] developed a process model for the compaction during the flexible 

injection process. They describe the compaction stress with a power law in dependency 

of the compaction strain. A simplified 2D plane strain model predicted the preform de-

formation in concave and convex corners. The longitudinal and the shear behavior were 

modeled with linear elastic relations. They varied the shear stiffness in the model in 

order to fit the resulting deformation to experimental results. Fig. 2-22 shows the results 

of a compaction simulation for different tool radii. It can be seen that high shear stresses 

appear in the curved section, especially for small tool radii.  

Fig. 2-22: Shear stress distribution after compaction for different inner tool radii (adapted from 

[56]). 
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Prepreg processes 

Hubert et al. [96] developed a 2D model for the compaction of non-planar prepreg lam-

inates. Their model describes the flow and compaction in a cross section of the laminate 

during autoclave processing. The whole lay-up is discretized with a single continuum 

layer. They describe the constitutive law of their model as follows: 

{

𝜎1

𝜎3

𝜏13

} = [
𝐸1 0 0
0 𝐸3 0
0 0 𝐺13

] .  {

𝜀1

𝜀3

𝛾13

} (2-32) 

Where 𝜀1 and 𝜎1 are stress and strains in-plane and 𝜀3 and 𝜎3 describe the behavior in 

thickness direction. 𝐺13 is the out-of-plane shear stiffness, which describes the shearing 

of the modeled continuum. Interestingly, the authors neglected all coupling factors. With 

a parametric study, they found that the shear modulus of the fiber bed has a significant 

influence on the compaction behavior in tool radii. Hubert’s model with Eq. (2-32) was 

later used by Qiao et al. [252] to analyze the compaction behavior of thick composite 

layups during autoclave processing. 

Ganapathi et al. [253] used a 3D model to investigate on process-induced thickness var-

iations of GFRP wind turbine caps. They used a nonlinear model for the fiber bed com-

paction and an FVC dependent out-of-plane shear modulus in their constitutive model. 

A more recent 2D process model for the consolidation of prepregs was presented by 

Amini Niaki et al. [254]. They used literature values from Hubert et al. [96] for the out-

of-plane shear stiffness. Their model is capable of predicting the thickening effect in 90° 

corners as well as edge deformations of the stack. Sakhaei et al. [255] developed a 3D 

model for the deformation of uncured prepregs. Their model allows to define tensile 

stiffness, shear stiffness and bending stiffness independently. 

Belnoue et al. [92] applied the hyper-viscoelastic model presented in [223] to simulate 

the consolidation of thick composite parts manufactured in autoclave prepreg processes. 

For their approach each layer was modeled separately with frictional inter layer contacts. 

As shown in Fig. 2-23, they were able to predict the generation of wrinkles in thick 

complex structures.  

Fig. 2-23: Simulation result of a prepreg C-section cured in an autoclave process ([92]). 
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Thompson et al. [256] combined shell and membrane elements to model the compaction 

behavior in autoclave prepreg processes. In their modeling approach each individual 

layer of the stack is modeled separately. The in-plane behavior of the material is defined 

by the stiffness of the membrane element, whereas the bending behavior is controlled 

by the shell elements. In order to account for the through-thickness behavior, they im-

plemented an elastic penalty stiffness of the intra-ply contacts. The underlying compac-

tion model is nonlinear but it is not capable of showing time dependency effects. A result 

of the compaction induced defect which occurs in the radius is shown in Fig. 2-24. 

Fig. 2-24: Compaction simulation of a prepreg autoclave process: (a) boundary conditions; 

(b) deformation after pressure application (adapted from [256]).

2.5 Research questions 

The literature review showed the complexity of the orthotropic time-dependent compac-

tion behavior of preforms. There are several promising approaches to model the behavior 

of preforms. However, none of the reviewed models covered all aspects of the material 

behavior of dry preforms. Based on the results of the literature review, the following 

research questions are formulated to accomplish the objectives defined in Section 1.3: 

1. How can the main deformation mechanisms of a dry preform be characterized in

order to be used as input for mechanical simulations?

2. How can the compaction behavior for relaxation and creep of dry preforms be

described in a single formula which is suitable for an efficient FE implementa-

tion?

3. How can the one-dimensional model be extended to non-planar compaction

cases by including the remaining deformation mechanisms and which guide-

lines for stable manufacturing processes can be derived?

4. How can results of a compaction simulation be transferred to subsequent filling

simulations to enable the integration into a virtual manufacturing process chain?

Each research question is addressed in one of the following chapters of this work. 

(a) (b) 
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3 Experimentation 

Based on the conclusions on the literature review in Subsection 2.1.3, through-thickness 

compaction, out-of-plane shear and tool-preform friction are characterized in this chap-

ter. With the results of these experiments research question 1 raised in Section 2.5 is 

answered. Moreover, non-planar compaction experiments are performed, which will be 

used for calibration and validation of the 3D-model in Chapter 5. 

 

3.1 Materials 

The content of this section is partly derived from the preprint of [P1]. 

Two different carbon fiber materials were used for the experiments carried out in this 

work, the woven fabric (WV) HexForce G0926 [257] and the biaxial NCF Tenax-E 

DRNF PB1 [258]. The carbon fiber satin weave consists of 6k rovings and has 2.5% 

epoxy powder E01 on each side with an areal weight AW of 375 g/m2. The NCF material 

consists of two ±45° layers with 24 k carbon fiber rovings and stitching yarns in a tricot 

pattern. 1.7% powder binder EP05311 are located on the top side of the material. The 

areal weight of the NCF is 388 g/m2.  

For the preforms, that were used for the compaction and shear experiments, the fabrics 

were cut into squares of 440 mm × 440 mm using a Zünd M-1200 CNC-cutting machine. 

Afterwards, the cut layers were stacked to a symmetric twelve-layer cross-ply layup of 

alternating 0° and 90° layers. Every second layer was rotated by 90° with two layers of 

the same orientation in the middle of the preform. The binder of the stacked layups was 

activated in a hot press with 600 mm × 600 mm plates at 100 °C. For the weave material, 

a force of 1000 kN was applied for 60 s. The NCF was preformed with 580 kN force for 

120 s. In both cases, steel shims with 7.0 mm were used to ensure a uniform sample 

thickness. The preforms were cooled at room temperature. After preforming, 20 mm was 

cut from every edge to avoid fringed areas in the specimens. The preformed samples 

were cut into the final dimensions of the specimens for the experiments using the CNC-

cutting machine. For the friction experiments, only single layers of the woven fabric 

were used. In order to test the material under the same processing conditions, the binder 

was activated prior to the experiments. The fabrics were compacted with 1 bar pressure 

at 100 °C for 60 s.Because each specimen for the non-planar compaction experiments 

needed to be produced individually in the curved tools, the manufacturing process was 

more complex. The preparation of the L-shaped specimens is described in detail in Sub-

section 3.5.1.  



50 Experimentation 

 

3.2 Compaction experiments 

The content of this section is partly derived from the preprint of [P1]. 

A UPM 250 universal testing machine from Hegewald und Peschke with a 250 kN load 

cell was used for the compaction experiments. Two square steel plates with a length of 

220 mm ensured a uniform pressure distribution on the surface of the specimen (see Fig. 

3-1). A video extensometer with a telecentric lens was used to measure the distance of 

the two compaction plates during the experiment. Parallel markers with black and white 

lines together with a monochromatic blue light ensured maximum contrast for the dis-

tance measurement. Fig. 3-1 shows the setup with the markers on the two compaction 

plates.  

Preform specimens with 100 mm x 100 mm size were used for the compaction experi-

ments. The tests were performed with the weave material and the NCF. The weave spec-

imens had an average thickness of 8.05 mm with a standard deviation of 0.11 mm, and 

6.81 mm with a standard deviation of 0.06 mm for the NCF specimens. 

 

 

 

Fig. 3-1: Experimental setup for the compaction tests with video extensometer. 

 

3.2.1 Machine deformation 

The literature review in Subsection 2.2.1 showed that machine compliance has a major 

impact on the accuracy of the measured compaction response. Thus, the machine defor-

mation was determined prior to the experiments. The experiments to characterize the 

machine deformation were performed with preform specimens similar to the description 

in Section 3.1. 

In order to quantify the machine deformation, the displacement measured by the step-

ping motor of the UTM was compared to the distance measurement from the video ex-

tensometer. Fig. 3-2a compares the relative displacement of the upper plate for both 
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measurement methods. Zero displacement indicates the initial contact of the upper com-

paction plate with the specimen. The curve of the video extensometer measurement 

bends to the right when the compaction force increases. This can be explained by the 

deformation of the UTM leading to smaller displacement measurements from the video 

extensometer at high forces. The extent of the machine deformation becomes more evi-

dent in Fig. 3-2b. In this diagram, the absolute difference between the two measurements 

is plotted against the displacement measured by the UTM together with the correspond-

ing compaction force. For small forces below 1 kN, the difference between the UTM 

and the video extensometer signal is negligible. However, the deformation increases 

with the compaction force. A compaction force of 20 kN leads to an error in the dis-

placement measurement of nearly 0.2 mm. Characterizing the machine compliance with 

an empty compaction test and subtracting it from the measurements of the compaction 

experiments would provide corrected displacement data. This method has been applied 

by several authors [105,107,108]. However, looking at the measured velocity of the 

compaction plate in Fig. 3-3 reveals another challenge. In order to reduce the scatter, the 

floating average of ten data points was used for the two velocities shown. The velocity 

measured by the video extensometer decreases from 5 mm/min to 2.5 mm/min, whereas 

the UTM velocity remains constant. However, the algorithm fitting the compaction 

model developed in Section 4.1 to experimental data requires a constant velocity. Hence, 

a constant velocity during the experiment is needed in order to derive sufficient model 

parameters.  

 

 

Fig. 3-2: Comparison of displacement measured by the UTM and the video extensometer with 

corresponding force. 
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Fig. 3-3: Floating average of the velocity measured by the UTM and the video extensometer, 

crosshead movement controlled by the UTM. 

A constant velocity of the upper compaction plate can be achieved by controlling the 

crosshead position of the UTM with the video extensometer. Fig. 3-4 shows the effect 

of a video extensometer-controlled compaction experiment. Contrary to the UTM-con-

trolled experiment, the video extensometer velocity is constant and the UTM velocity 

increases at high forces. For 20 kN compaction force the measured velocity increases to 

2.5 mm/min from initially 2.0 mm/min.  

Fig. 3-4: Floating average of the velocity measured by the UTM and the video extensometer, 

crosshead movement controlled by the video extensometer. 
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3.2.2 Experimental procedure 

Tab. 3-1 and Tab. 3-2 provide an overview of all tested configurations for the compac-

tion experiments with displacement-controlled and force-controlled setup. Several basic 

properties of the specimens were documented before and after the compaction. In case 

abnormalities occur during the experiment, this data is used to find the root cause.  

The following properties were documented for each specimen prior to the experiment: 

• In-plane dimensions length and width

• Thickness at five reference locations (center and each corner)

• Weight

• Optical abnormalities (e.g. delamination, loose rovings or fringed edges)

At the beginning of each experiment, the specimen was placed in the center of the lower 

compaction plate in order to avoid bending moments during the plate closure. All spec-

imens of one material were compacted to the same initial thickness ℎ𝑖𝑛𝑖 of 7.6 mm for 

the weave and 6.7 mm for the NCF material. This compensated for potential variability 

of the preform thickness after manufacturing and ensured a uniform starting point for all 

experiments with the same material. Fig. 3-5 shows the procedure of the compaction 

experiments as programmed in the UTM. Following the left branch determines the ap-

proach for displacement-controlled experiments. Initially, the upper plate was moved 

with high velocity to the position of 1.4 mm plus the initial thickness ℎ𝑖𝑛𝑖 of the material. 

Afterwards, the plate closed with a low velocity of 1.0 mm/min until the position ℎ𝑖𝑛𝑖 

was reached. The following holding phase of two minutes ensured that the stresses in 

the material were relaxed after the pre-compaction. Moreover, potential vibrations of the 

upper plate due to the negative acceleration could decay. The corresponding mean pre-

compaction force at the end of the first holding phase was 25 N for the weave and 1.4 N 

for the NCF. The compression to the final FVC started with a velocity of 1, 2 or 5 

mm/min. The compression speed was constant until reaching the final thickness. The 

final position was held constant for twelve minutes in order to measure the stress relax-

ation. At the end of the experiment, the plates opened at a constant speed. This compac-

tion test was repeated for six different configurations of each material at different com-

paction velocities and different final FVC (see Tab. 3-1). Each configuration was re-

peated with five test samples. The FVC 𝑉𝑓, in dependency of the preform thickness ℎ, 

can be described as follows: 

𝑉𝑓 =
𝑁 ∙ 𝐴𝑊

𝜌𝑓𝑖𝑏𝑒𝑟 ∙ ℎ
(3-1) 

where N is the number of plies in the preform, 𝐴𝑊 is the areal weight, and 𝜌𝑓𝑖𝑏𝑒𝑟 is the 

fiber density. With 𝜌𝑓𝑖𝑏𝑒𝑟 = 1.77 g/cm3 [257] and the initial thickness ℎ𝑖𝑛𝑖 = 7.6 mm, the

initial FVC of the weave can be calculated as 0.33. A fiber density 1.78 g/cm3 [258] and 

an initial thickness of ℎ𝑖𝑛𝑖 = 6.7 mm lead to an initial FVC of 0.39 for the NCF.  
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Tab. 3-1: Configurations of the displacement-controlled experiments of the weave and the 

NCF materials. 

Configuration Final FVC 

[-] 

Compaction ve-

locity [mm/min] 

Final thickness 

weave [mm] 

Final thickness 

NCF [mm] 

WV_0.45-2 / 

NCF_0.45-2 

0.45 2.0 5.65 5.81 

WV_0.50-1 / 

NCF_0.50-1 

0.50 1.0 5.08 5.23 

WV_0.50-2 / 

NCF_0.50-2 

0.50 2.0 5.08 5.23 

WV_0.50-5 / 

NCF_0.50-5 

0.50 5.0 5.08 5.23 

WV_0.55-1 / 

NCF_0.55-1 

0.55 1.0 4.62 4.76 

WV_0.55-2 / 

NCF_0.55-2 

0.55 2.0 4.62 4.76 

WV_0.55-5/ 

NCF_0.55-5 

0.55 5.0 4.62 4.76 

WV_0.60-2/ 

NCF_0.60-2 

0.60 2.0 4.23 4.36 

Similar experiments were conducted for force-controlled tests. Instead of constant com-

pression velocity, a constant force rate compacted the preforms. The distance of the 

compaction plates was measured using the video extensometer. Additional to configu-

rations 0.50–1 and 0.50–5, which are not used for the model calibration, the force-con-

trolled experiments are used for the model validation. Since the model was being used 

to predict the final thickness of preforms after compaction, the applicability had to be 

proved with force-controlled setups. The tested configurations are summarized in Tab. 

3-2. The procedure of the force-controlled experiments is shown in Fig. 3-5 following

the right branch. As for the displacement-controlled tests, the specimens were com-

pacted to an initial FVC of 0.34 or 0.39. The preforms were compacted at a constant

force rate of 100 N/s and 250 N/s, respectively. The force was kept constant for ten

minutes after reaching the maximum of 10 kN for the weave material. The NCF was

compacted with a maximum force of 4.2 kN. Measuring the thickness evolution at a

constant force enabled the quantification of material creep. At the end of the experiment,

the force was released at a constant rate of 20 N/s for the slow compacted specimens,

and 50 N/s for the faster compaction. The release rate was lower than that of the com-

paction in order to guarantee continuous contact between the plate and the preform.
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Fig. 3-5: Flow chart of the procedure for the displacement-controlled and force-controlled 

compaction experiments.  

Tab. 3-2: Configurations of the force-controlled experiments of the weave and the NCF 

materials. 

Configuration Compaction rate 

[N/s] 

Max. force 

[kN] 

Release rate 

[N/s] 

WV_F10-100  100 10 20 

WV_F10-250 250 10 50 

NCF_F4.2-100 100 4.2 20 

NCF_F4.2-250 250 4.2 50 

Immediately after each experiment, the tested sample was measured again. The follow-

ing data was collected for all tested specimens: 

• In-plane dimensions length and width after compaction and load release

• Thickness at five reference locations after compaction and load release

• Optical abnormalities after compaction and load release (e.g. delamination, loose

rovings or fringed edges)
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3.2.3 Results and discussion 

3.2.3.1 Displacement-controlled experiments 

Fig. 3-6 shows the results of the displacement-controlled experiments with the weave 

material. Besides the mean curve, the minimum and maximum values at every time point 

are displayed as scatter areas in the graphs. The coefficient of variation is between 2.6% 

and 8.1% of the mean curve. The curves with the same final FVC indicate that the peak 

stresses slightly increase at an increasing compaction speed. The compaction responses 

of these curves did not relax to the same final stress. For the 50% final FVC, the curves 

show lower absolute relaxed stresses for lower compaction velocities. For the 55% final 

FVC, the fastest compaction results in the lowest absolute relaxed stress. The final 

stresses of all configurations show that the evolution of the relaxed stress in dependency 

of the FVC was clearly nonlinear. The relation between FVC and relaxed stress seems 

to be exponential.  

Fig. 3-6: Stress response of the displacement-controlled planar compaction experiments of the 

weave material with varying compaction velocities and final FVC, including 

minimum and maximum scatter area. 

The results of the displacement-controlled experimental configurations from Tab. 3-1 of 

the NCF are shown in Fig. 3-7. In comparison with the weave material, the general stress 

level is significantly lower. Moreover, the scattering of the results is lower compared to 

the weave material. The coefficient of variation of the relaxed stress of the NCF is 
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between 1.9% and 4.6% of the mean curve. Furthermore, the qualitative behavior dif-

fered from the weave material. During the relaxation, the stress in the NCF preforms 

decreased by only approximately 30%. In contrast, about 60% of the peak stresses were 

relaxed for the lower three analyzed FVCs of the weave material. For the NCF, the re-

laxed stresses at 50% and 55% FVC were lower when the material was compacted at a 

higher velocity. The same effect was observed for the weave material at 55% FVC. 

Fig. 3-7: Stress response of the displacement-controlled planar compaction experiments of the 

NCF material with varying compaction velocities and final FVC, including minimum 

and maximum scatter area. 

3.2.3.2 Force-controlled experiments 

Fig. 3-8 shows the results of the force-controlled experiments with the weave material. 

The curves represent the average of five repetitions. The shaded area describes the scat-

ter in which all the single results lay. The coefficient of variation was 1.3% for the low 

force rate and 0.90% for the high force rate. A creep effect was observable when the 

force remained at a constant value. For faster compaction, the preforms reached a higher 

FVC. During the release of the force, the preforms exhibited a spring-back behavior to 

a higher thickness. A similar behavior was observable for the force-controlled experi-

ments with the NCF material in Fig. 3-9. Likewise, the material was slightly more com-

pacted at a higher force rate. As in the displacement-controlled experiments, the scatter-

ing was lower for the NCF material. The coefficient of variation was 0.55% and 0.20% 

of the mean curve for the low force rate and the high force rate, respectively.  
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Fig. 3-8: Displacement response of the force-controlled planar compaction experiments of the 

weave material, including minimum and maximum scatter area: (a) slow compac-

tion; (b) fast compaction. 

Measurements of the thickness of the specimens shortly after the compaction experiment 

showed that the preforms did not reach the initial state. Weave preforms having an av-

erage initial thickness of 8.1 mm were compacted to 5.1 mm and showed a spring-back 

to 7 mm shortly after the experiment. One hour later, the thickness increased to 7.6 mm, 

which corresponded to an average recovery of 83% of the maximum compaction strain. 

There thus appeared to be an extremely slow spring-back or an irreversible part of the 

deformation corresponding to a small plastic contribution in addition to the elastic and 

viscous behaviors on a macro-scale. On a smaller scale, this can be explained by irre-

versible nesting effects or the permanent rearrangement of fibers. Another effect could 

have been the permanent deformation of the binder network. In this study, only the 

spring-back behavior of preforms shortly after the compaction with the maximum force 

was characterized and modeled. Therefore, the contribution of the plasticity was ne-

glected for the materials analyzed in this work. Regarding long-term effects or different 

materials, plasticity might be relevant or can be modeled with an additional viscous el-

ement with an extremely long relaxation time.  
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The scatter of experiments can be explained with different nesting conditions in the 

specimens. Lomov et al. [259] showed that random nesting has a significant influence 

on the FVC and the scatter of permeability. Chen and Chou [138] presented a unit-cell 

model for multi-layer preforms showing the influence of different nesting configurations 

on the compaction pressure. In a very recent publication, Trochu et al. [260] reported 

that much of the variation in compaction measurements can be attributed to nesting. 

Nesting was not reproducible during the layup of large preforms. Consequently, a vari-

ation of nesting leads to different compaction responses. This also explains the lower 

scattering of the experimental data of the NCF compared to the weave material due to 

less potential nesting between the individual layers. Because of the roving undulations 

in the weave material, the degree of nesting can vary in a larger range, which can lead 

to more differing material responses. A comparison of the compaction response with the 

dimensional properties of the individual specimens did not show any significant relation. 

There was no relation between higher compaction stress and specimen thickness or in-

plane dimensions observable for tests with the same configuration. Likewise, there was 

no significant relation between the specimen properties and the response to force-con-

trolled experiments for repetitions of one test configuration. 

Fig. 3-9: Displacement response of the force-controlled planar compaction experiments of the 

NCF material, including minimum and maximum scatter area: (a) slow compaction; 

(b) fast compaction.
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3.3 Out-of-plane shear characterization 

The content of this section is partly derived from SAMPE 2021 conference paper [C3]. 

A major challenge for the characterization of dry preforms is to measure the shear 

modulus without affecting the compaction state during the test. Moreover, it can be 

assumed that the shear stiffness increases with an increasing degree of compaction due 

to nesting effects. Currently available test methods do not provide possibilities to 

measure the out-of-plane shear stiffness of dry preforms at a defined FVC 

[143,144,149,261]. Due to spring-back effects, preforms do not maintain their thickness 

after compaction. Additionally, the low stiffness in thickness direction leads to local 

compaction during three- or four-point bending tests. Thus, the FVC needs to be kept 

constant at a defined thickness in the test setup during the experiments. A further 

challenge is to transfer the shear load into the preform specimens without influencing 

the material behavior. 

The woven carbon fiber fabric Hexcel G0926 [257] with E01 binder was used for these 

experiments. With the manufacturing procedure described in Section 3.1, the large pre-

forms were cut into specimens of 90 mm x 40 mm size. The extra strong double-faced 

adhesive tape from Tesa was used to glue the preforms on the plates of the experimental 

setup. The whole test setup was mounted into a universal testing machine UPM 250 

from Hegewald und Peschke with a 500 N load cell. 

3.3.1 Development of a novel test method for out-of-

plane shear characterization 

The test method described in this subsection was developed together with Schletterer in 

the context of a master’s thesis [S14]. Fig. 3-10 shows an exploded view of the experi-

mental setup on the left and built into the testing machine on the right. The concept is 

similar to a double lap shear test, where two specimens are tested simultaneously. The 

machine fixtures on the top and bottom connect the experimental setup with the testing 

machine. The specimens are compacted between the front and the back plate with 

screws, while the distance plates ensure a defined thickness of the preforms in the setup. 

Adhesive tape on both sides of the specimens ensures the force transition to the central 

web and the outer plates respectively. The distance plates were sanded to greater thick-

ness than the specimens to account for 0.2 mm tape thickness on both sides. 

The experiments were conducted with four different FVCs. The respective thicknesses 

according to Eq. (3-1) of the single specimens and the corresponding distance plates are 

shown in Tab. 3-3. During all experiments the central web was moved upwards with a 

constant velocity of 1 mm/min. Each configuration was repeated five times. The exper-

iments stopped when the force reached 480 N, which is close to the limit of the used 

load cell. The central web and the outer plates were cleaned with isopropanol between 
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the repetitions to remove remains of the adhesive tape. In addition to the preform mate-

rial, the shearing of the tape was characterized in order to account for its influence on 

the preform measurements. 

Fig. 3-10: Experimental setup of the out-of-plane shear measurements: (a) exploded view; 

(b) mounted into the testing machine.

Tab. 3-3: Tested configurations of the out-of-plane shear experiments. 

Configuration FVC [-] Specimen thickness 

[mm] 

Distance plate thickness 

[mm] 

HV_45 0.45 5.65 6.05 

HV_50 0.50 5.08 5.48 

HV_55 0.55 4.62 5.02 

HV_60 0.60 4.23 4.63 

Tape - 0.2 - 

3.3.2 Evaluation method of the shear stiffness 

A schematic illustration of the shear deformation, which acts on a single preform with 

one layer of adhesive tape is shown in Fig. 3-11. During the experiments, a normal force 

𝐹𝑡𝑜𝑡 acts on the central web and leads to a shear displacement of the preform and the 

adhesive tape.  
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Fig. 3-11: Schematic illustration of serial shear displacements of two materials. 

The total displacement ∆𝑠𝑡𝑜𝑡 is the sum of the displacements ∆𝑠𝑝𝑓 of the preform and 

∆𝑠𝑡𝑝 of the tape: 

∆𝑠𝑡𝑜𝑡 = ∆𝑠𝑝𝑓 + ∆𝑠𝑡𝑝 (3-2) 

However, the acting forces 𝐹𝑝𝑓 and 𝐹𝑡𝑝 are equal in the preform and the tape, as they are 

connected in series: 

𝐹𝑡𝑜𝑡 = 𝐹𝑝𝑓 = 𝐹𝑡𝑝 (3-3) 

The shear stiffness 𝐺 in dependency of the shear stress 𝜏 and the shear angle 𝛾 can gen-

erally be given as: 

𝐺 =
𝜏

tan 𝛾
=

∆𝐹 ∙ ℎ

𝐴 ∙ ∆𝑠
(3-4) 

Here ℎ is the thickness and 𝐴 is the area in which the shear stress acts. In order to obtain 

the stiffness of the preform, the displacement of the tape ∆𝑠𝑡𝑝 has to be subtracted from 

the total displacement ∆𝑠𝑡𝑜𝑡. Hence, shear experiments for the adhesive tape without 

preform are necessary. 

From five tape measurement repetitions, a mean curve is derived, which is subtracted 

from each test with preform and tape. Straight lines are fitted to the resulting force-

displacement curves of the preform without adhesive tape to derive areas with constant 

shear stiffness. Linear sections of the curves are identified with a linear regression algo-

rithm. A python script is used which gradually increases the number of data points in a 

section until the coefficient of determination falls below the threshold of 0.99. Using 

this approach, two linear sections can be found for each repetition in every test config-

uration. The linear regression algorithm provides a slope 𝑚 and an intercept 𝑡 for every 

straight line. Because the slope is defined as the quotient of ∆𝐹 and ∆𝑠, the shear stiffness 

can be calculated as follows by using Eq. (3-4): 
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𝐺𝑝𝑓 =
ℎ𝑝𝑓 ∙ 𝑚

2 ∙ 𝑙𝑝𝑓 ∙ 𝑤𝑝𝑓 
(3-5) 

With the geometrical dimensions of the specimen length 𝑙𝑝𝑓 and the width 𝑤𝑝𝑓. Because 

the experimental setup consists of two specimens, only half the force acts on the area 

𝑙𝑝𝑓 ∙ 𝑤𝑝𝑓. 

3.3.3 Results and discussion 

3.3.3.1 Experimental results 

The experiments were conducted together with Schletterer in the context of a master’s 

thesis [S14]. The results of the five repetitions of the tape measurements are shown as 

dashed lines in Fig. 3-12a. The solid line represents the mean curve of the measurements. 

The qualitative behavior of all curves is the same. A steep linear increase of the force is 

followed by another almost linear section with a less inclined slope. Between the nearly 

linear sections, a smooth transition zone can be observed. In the first section, the slope 

of the force shows an apparent variation. In contrast, the variation of the slope in the 

second section is significantly smaller leading to nearly parallel curves.  

Fig. 3-12b shows the results of all the measurements of the preform specimens for the 

four configurations, which are given in Tab. 3-3. The mean displacement of the tape is 

subtracted for all experiments shown in the figure. Repetitions of the same configuration 

are depicted with the same color. It can be seen that the repetitions of each configuration 

do not show the same level of variation. The experimental results with an FVC of 55% 

are very close, whereas, the repetitions of the other configurations show larger varia-

tions. The most noticeable scatter appears at an FVC of 60%. Generally, a tendency to 

higher forces can be seen for increasing degrees of compaction. For higher FVC the 

scatter areas of the repetitions are overlapping. Only the scatter area of HV_45 can 

clearly be separated from the other configurations. Compared to the second linear sec-

tion, the first one seems to be nearly independent of the FVC. Moreover, the scatter of 

the slope is significantly smaller for lower displacements than for larger displacements. 

Because the specimen thickness influences the shear stiffness according to Eq. (3-5), the 

slope of the curves does not allow direct conclusions to be drawn about the shear stiff-

ness. 
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Fig. 3-12: Force response from displacement-controlled out-of-plane shear experiments: 

(a) tape measurements; (b) preform measurements with subtracted tape displace-

ment.

3.3.3.2 Calculation of the shear stiffness 

Fig. 3-13a shows how linear sections are identified, using the example of the test con-

figuration HV_55_01. The straight lines cover only the areas where the coefficient of 

determination is below the threshold. The dashed lines depict the elongation covering 

the whole measurement interval until the intersection. Section A starts at almost zero 

displacement and ends where the curve bends to the right. Adding more data points on 

the right would lead to a less inclined linear fit and a lower coefficient of determination. 

Another nearly linear section appears for higher displacements. Section B starts after the 

transition area and continues to almost the end of the force range. Looking at Fig. 3-12b, 

many curves show a curvature at higher forces. Thus, the linear section B does not cover 

very high shear displacements in several cases.  

Fig. 3-13b shows the results of the shear stiffness calculation for four different FVCs 

including the minimum and maximum values. 𝐺𝐴 describes the shear stiffness of the first 

section A and 𝐺𝐵 is the shear stiffness of the second section B. For 𝐺𝐴 a significant 

increase of stiffness with increasing degree of compaction can be seen. 𝐺𝐵 increases 

between FVC 0.45 and 0.5, whereas there is a plateau for higher degrees of compaction. 

The averaged results for all configurations are given in Tab. 3-4. Besides the slope of 

the straight lines, their interception point is of interest. In order to be used in a bilinear 

model for simulations, the transition from constant high to constant low stiffness needs 

to be defined. For the interception, the shear angle is given to be independent of the 

specimen thickness. With an increasing degree of compaction, the intercept moves to-

wards smaller shear angles. 
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Fig. 3-13: (a) Identification of linear sections for HV_55_01; (b) calculated shear stiffness for

different FVC including minimum and maximum values.

Tab. 3-4: Mean shear stiffness and mean interception point for different FVC. 

Configuration 𝑮𝑨 [MPa] 𝑮𝑨 [MPa] Interception [°] 

HV_45 0.59 0.07 2.7 

HV_50 0.72 0.13 2.5 

HV_55 0.93 0.13 1.8 

HV_60 1.54 0.14 1.1 

The calculated shear stiffnesses clearly show a dependency on the degree of compaction. 

Especially in the first section the stiffness increases significantly with the FVC. The 

effect can be explained with nesting of the plies. If the plies are nested into each other, 

more force is needed for a tangential movement of the plies when the compaction force 

increases. The results of the shear modulus calculation in Fig. 3-13b show significant 

scatter, especially for high FVC in section A. This can be explained with the scatter of 

the measurements of the adhesive tape. Another cause for the variation could be the 

nesting of the layers. If all layers are perfectly nested into each other, the resulting stiff-

ness is very high. Whereas, a relative movement of the plies with subsequent nesting 

will lead to lower out-of-plane shear stiffness.  

The relative displacements in the section B are very high. With a thickness of the single 

specimens between 4.2 and 5.7 mm, the maximum displacements correspond to shear 

angles above 20°. With such high strains, some relative movement between adhesive 

tape and preform can occur. As these high shear strains are very unlikely in real 
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processes, the 𝐺𝐴 values might be more important for numerical models. Nevertheless, 

a significant decrease of shear stiffness appears between one and three degrees shear 

angle for all tested configurations. Thus, the chosen bilinear model covers this effect 

very well. However, it is important to state that the force response does not show a per-

fect bilinear behavior, especially in the transition zone. 

3.4 Characterization of the tool-ply friction 

The friction characterization tests were performed together with Geschwandtner as part 

of a bachelor’s thesis [S15]. The friction was measured for the weave material Hexcel 

G0926 [257]. The objective was to characterize the friction between the preform and the 

tool surface. Moreover, the influence of preform orientation, sliding velocity and normal 

pressure on the friction coefficient was investigated. The measured values were used for 

the non-planar compaction simulations in Chapter 5. 

3.4.1 Method 

The specimens were manufactured under the same conditions as the samples for the 

compaction and shear experiments. The main difference is that only a single layer of the 

fabric material is needed for the friction tests. An existing test setup with a sled, devel-

oped by Margossian [156] was used for the experiments (see Fig. 3-14). The 60 mm x 

77 mm fabric layers were cut using the Zünd M-1200 CNC-cutting machine. Afterwards 

the binder in the single fabric layers was activated in a hot press for one minute with 

2 bar pressure at 100 °C. After cooling to room temperature, the specimen was clamped 

on the sled using an area of 10 mm on each side of the fabric layer. This results in a 

sliding surface of 40 mm x 77 mm during the experiment. The sled was pulled over a 

metal plate, which was cleaned with isopropanol after each experiment in order to re-

move remains of fibers and binder from the surface. Initial tests carried out in [S15] 

showed that the quality of the results could be improved by removing the guides on the 

side of the test setup. The whole test setup was mounted into a UPM 250 testing machine 

from Hegewald und Peschke, as shown in Fig. 3-14b. The force was measured with a 

500 N load cell and an HBM QuantumX MX840A measuring amplifier.  

The influence of the orientation (defined in Fig. A-9) of the weave material relative to 

the sliding direction on the friction behavior was investigated. Additionally, the influ-

ence of the normal force and the influence of the sled velocity on the friction coefficient 

was studied. The influence of contact pressure is of special importance, because the re-

sults from compaction experiments in Section 3.2 show, that the normal pressure in-

creases strongly with increasing FVC. For this purpose, up to four additional weights 

were placed on top of the sled. The sled has a weight of 1.58 kg generating a normal 



Experimentation 67 

force of 15.50 N. Each weight is a 15 mm thick steel plate with a mass of 1.79 kg corre-

sponding to an additional normal force of 17.56 N. An overview of the tested configu-

rations for the friction measurement is given in Tab. 3-5. Each configuration was tested 

at five different levels of the normal force. Six repetitions per configuration for each 

normal force result in 90 individual tests. 

Tab. 3-5: Configurations for the friction experiments. 

Configuration orientation 

[°] 

velocity 

[mm/min] 

Normal force [N] 

FR_0-1 0 1 15.50 33.06 50.62 68.18 85.74 

FR_0-10 0 10 15.50 33.06 50.62 68.18 85.74 

FR_90-10 90 10 15.50 33.06 50.62 68.18 85.74 

Fig. 3-14: Sled test setup for friction characterization: (a) schematic illustration; (b) setup 

mounted into a UTM (photo adapted from [S15]). 

3.4.2 Results and discussion 

The evaluation of the results is shown using the example of the FR_0-1 configuration 

with 1 mm/min at 0° orientation. Fig. 3-15 depicts the results of the friction force meas-

urement for all repetitions and four additional weights excluding the outlier FR_0-1-4-

04. Fig. 3-15a shows the measured force versus the position of the sled. All five repeti-

tions exhibit the same qualitative behavior with a linear force increase followed by a

nearly constant force when the sled starts to slide. Because no drop in the force can be

observed after the sled starts to move, a separation of static and dynamic friction is not

possible. Moreover, the measurements of the tangential force show an oscillating behav-

ior after the sled started sliding. This can be explained with stick-slip due to tacky be-

havior of the binder. Another explanation of the stick-slip behavior is the catching of
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individual fibers on the metallic surface. All further configurations in Tab. 3-5 showed 

the same qualitative behavior (see Appendix e). Fig. 3-15b shows the mean friction force 

values including standard deviation for each repetition from the point the sled started to 

slide at around 3 mm until the final position of 10 mm. It can be seen that the overall 

repeatability of the measurements is satisfactory. Some measurements, such as FR_0-1-

4-05 show a significantly higher scatter than other measurements. A relation between

the scatter of the force signal and the properties of the specimen could not be determined.

The mean value of all repetitions of one configuration with varying additional weights 

allows investigating on the influence between normal force and frictional force. Fig. 

3-16a shows the relation between normal force and frictional force for 10 mm/min at 0°

and 90° orientation of the fabric. It can be seen that the mean values for each orientation

are located on a straight line. This linear dependency suggests that the friction coefficient

is independent on the normal force in the tested range. Moreover, the lines connecting

the mean values for both orientations are nearly parallel. The mean force values of the

90° configurations are slightly higher than the 0° values. However, the scatter areas of

both orientations are overlapping at all measured normal forces. Thus, it can be assumed

that the friction coefficient is independent on tested orientations. The influence of the

sled velocity on the frictional force is shown in Fig. 3-16b. The mean friction force val-

ues for different sled weights are lying on a straight line for both tested speeds. The slope

of the 10 mm/min curve is slightly steeper causing an intersection of both curves at

approximately 50 N. However, the range of the standard deviation shows an overlap for

all different values of the normal force. This leads to the assumption that the friction

coefficient is independent on the tangential velocity of the sled.

Fig. 3-15: Frictional force for 1 mm/min with 0° orientation and four additional weights: 

(a) force-position; (b) mean value with standard deviation.
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Fig. 3-16: Mean tangential force for varying applied normal force: (a) different ply orientations; 

(b) different sled velocities.

According to Eq. (2-1), the friction coefficient is defined as the ratio between tangential 

force and normal force. Hence, the friction coefficient can be calculated from the slope 

of the curves in Fig. 3-16. Because no distinction between static and dynamic friction 

can be made for the measured force, only a single friction coefficient was calculated for 

each configuration. A summary of the mean friction coefficients is given in Tab. 3-6. 

Because the friction coefficients are nearly identical, the influence of sliding velocity 

and ply orientation is neglected for the process simulations in Chapter 5. All further 

compaction simulations that include contact interfaces are calculated with a constant 

friction value of 0.1. 

Tab. 3-6: Mean friction coefficient for the tested configurations. 

Configuration Friction coefficient [-] 

FR_0-1 0.10 

FR_0-10 0.09 

FR_90-10 0.11 
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3.5 Non-planar compaction experiments 

3.5.1 Material and methods 

In general, the method of the compaction experiments is very similar to the planar com-

paction experiments in Section 3.2. Because the individual layers had to be draped and 

preformed on a radius, the manufacturing process of the preforms was more complex. 

Each specimen needed to be manufactured individually, because the width of the tool 

limits the space available. Moreover, the cutting to the final shape could not be done 

with the CNC cutter and thus, manual cutting was necessary. The manufacturing process 

of the specimens is described in detail in this subsection. The experimental procedure is 

the same as for the planar compaction experiments. The objective of selected configu-

rations is to test the influence of the radius, number of layers and the FVC with displace-

ment-controlled and force-controlled experiments. 

3.5.1.1 Preform manufacturing 

Fig. 3-17 depicts the setup of the preforming device consisting of an upper and a lower 

tool. The adapter plates on the top and bottom side allow mounting the tools into the 

hydraulic press. Because the press can only be operated at defined closing pressure, dis-

tance plates were needed to ensure a defined preform thickness. Without the adapter 

plates, the tools can also be directly installed in the universal testing machine. Thus, 

preform manufacturing and compaction experiments can be performed with the same 

tools. However, the final preform thickness at the end of the compaction experiment 

differs from the desired thickness after manufacturing. Hence, different upper tool radii 

are needed for preforming and testing in order to ensure uniform preform thickness. Two 

different configurations of the lower tool and three configurations of the upper tool were 

manufactured. An overview of the inner radius 𝑟𝑖 and outer radius 𝑟𝑜 configurations is 

given in Tab. 3-7. Detailed drawings of the tools can be found in Appendix b. For in-

stance, using the 𝑟𝑖 = 3 mm lower tool and the 𝑟𝑜 = 10 mm upper tool allows manufac-

turing a preform with 7 mm thickness. Using the same lower and the 𝑟𝑜 = 8 mm upper 

tool enables compacting the preforms to a final thickness of 5 mm in the experiment. 

Combining different tool radii enables several experimental configurations. However, it 

is important to ensure that the preforming tool radius is greater than the compaction tool 

radius. The preforming tool needs a radius which corresponds to the desired thickness 

of the preform ensuring constant cavity thickness. Additionally, it is important to keep 

in mind that the preform will show a spring-back behavior, leading to a preform that is 

thicker than the distance between lower and upper preform tool.  
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Fig. 3-17: Setup of the preforming device, showing a 3 mm lower tool and 10 mm upper tool. 

Tab. 3-7: Tool configuration for the preforming process and the non-planar compaction exper-

iments. 

Tool Parameter Configurations [mm] 

Lower tool 𝑟𝑖 3 / 6 

Upper tool 𝑟𝑜  8 / 10 / 12 

The specimen manufacturing process starts with cutting the individual layers into 

squares of 100 mm x 60 mm size using the Zünd M-1200 CNC-cutting machine. All 

preforms were stacked with cross ply layup of alternating 0° and 90° layers, ensuring 

mid-plane symmetry. Afterwards, the stacked layers were draped on the lower tool. In 

order to prevent relative movement of the layers, tape was placed on the long edges, as 

shown in Fig. 3-18a. This ensures that the layers are kept in position during further han-

dling. However, initial trials showed that the taped preforms have a strong tendency to 

open towards greater angles. This effect was prevented by attaching single rovings on 

both sides of the layup. With the rovings placed as shown in Fig. 3-18a, the layup was 

stable enough for further processing. The lower and upper tool were mounted into a 

hydraulic press from Pinette Emidecau Industries. After heating the tools to a tempera-

ture of 100 °C, the preform was placed on the hot lower tool. PTFE foil was placed on 

the upper and lower tool in order to avoid sticking of the preform on the tool surface. 

Afterwards, the tool was closed with a pressure of 50 bar. The distance plates between 

lower and upper tool ensured a defined thickness of the preform. With the binder acti-

vated for 60 s, the tool was opened and the preform was removed from the hot tool. After 

the preform cooled down at room temperature, it was cut into its final dimensions. 

5.0 mm were cut off on both long sides of the preform while positioned on the lower 

tool, resulting in a final preform width of 40.0 mm. Additively manufactured L-shaped 

positioning devices (see Appendix b) were used to cut the short edges of the preform. 

Placing these devices on top of the preform allowed cutting at a defined edge. The final 
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flange length of the specimens with 10 mm upper tool radius is 40 mm. Because of the 

greater circumference, the 12 mm preforms were cut to a flange length of 38.5 mm. The 

definition of flange length 𝑙, inner preform radius 𝑟𝑖 and outer preform radius 𝑟𝑜 is illus-

trated in Fig. 3-19. 

Fig. 3-18: Non-planar preform manufacturing process: (a) stacked and fixed layers on the lower 

tool; (b) after preforming and cutting into final dimensions. 

Fig. 3-19: Schematic sketch of a preform specimen with geometry definitions. 

Before testing, the following properties of the manufactured specimens were measured 

and documented: 

• Width of the flanges and of the radius

• Thickness of the flanges and of the radius

• Weight of the preform

• Manufacturing defects, such as loose rovings or delamination

3.5.1.2 Experimental procedure 

The experimental procedure is the same as for the planar compaction experiments shown 

in Fig. 3-5. Additionally, a photo was taken of each preform after the preform was pre-

compacted to the initial thickness and at the end of the compaction during relaxation. 
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The photos are used to evaluate the thickness of the preform in the radius. Contrary to 

the planar experiments, all tests were performed with the same closing velocity of 

2 mm/min. 

Tab. 3-8 lists all configurations of the non-planar experiments. Six displacement-

controlled configurations vary the tool radii and the number of layers. Four of these 

configurations have the same final thickness of 5 mm with varying final FVC depending 

on the number of layers. However, combining the smallest lower tool radius with the 

greatest upper tool radius allows for a final thickness of 7 mm (L_3_10_14). Compacting 

a preform to 3 mm becomes possible with the larger inner radius and the smallest outer 

radius (L_5_8_8). For the two force-controlled configurations L_3_8_12_F and 

L_5_10_12_F, different inner radii with the same final thickness and the same number 

of layers were chosen.  

Tab. 3-8: Configurations of the non-planar compaction experiments. 

Configuration Lower tool 

radius [mm] 

Outer radius pre-

form tool [mm] 

Outer radius 

compaction 

tool [mm] 

Number 

of layers 

L_3_8_12 3 10 8 12 

L_3_8_14 3 10 8 14 

L_3_10_16 3 12 10 16 

L_5_10_12 5 12 10 12 

L_5_10_14 5 12 10 14 

L_5_8_8 5 10 8 8 

L_3_8_12_F 3 10 8 12 

L_5_10_12_F 5 12 10 12 

3.5.2 Evaluation of the specimen dimensions 

The thickness of each specimen was measured with a dial gauge. A mean value was 

calculated from three measurements on both flanges respectively. The distinction be-

tween the flanges was chosen randomly with the purpose to verify if significant differ-

ences between the flanges appear. A defined measurement of the thickness in the radius 

was not possible with the chosen method, because the preforms showed different spring-

back angles. With the thickness in the radius being dependent on the angle of the pre-

form, the results of a thickness measurement in the radius are not comparable. Tab. 3-9 

summarizes the mean values of the thickness measurement on the flanges. The meas-

urements showed that both flanges had comparable thicknesses with variations inside 

the scatter of the measurements. The values for the initial thickness during the 
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compaction tests were chosen to be slightly greater than the smallest measured thickness. 

This ensures initial contact between the preform and the upper mold for all experiments. 

Moreover, the same initial thickness was chosen for all configurations having the same 

number of layers to ensure comparability of the test data. Applying Eq. (3-1) allows to 

calculate the initial and the final FVC for each configuration which are also given in 

Tab. 3-9.  

Tab. 3-9: Mean flange thickness before testing, initial test thickness and FVC values of the 

non-planar characterization experiments. 

Measuring the thickness on the flanges with the dial gauge was important to detect pos-

sible asymmetries and to set the initial thickness for the experiments. However, measur-

ing the thickness in the radius was not possible. Thus, an optical method was applied to 

measure the thickness of each specimen inside the tool using photographs. For this pur-

pose, millimeter paper was glued onto both lower tools. Using the millimeter paper as 

reference in a digital image analysis, the thickness of the preform can be measured at 

different locations. Fig. 3-20 illustrates how the thickness is evaluated with an image 

showing the preform during the experiment. The photo was taken during the holding 

phase after the specimen was compacted to the initial thickness and before the final 

compaction started. The geometry of this state will be taken as input for the compaction 

simulation in order to account for correct thickness and FVC in the virtual model.  

The posttreatment of the images was implemented in a Python routine using the OpenCV 

[262] package for image analysis. The code opens an image and lets the user select two

points with the mouse in a defined distance of 10 mm. With the length/pixel ratio stored

in a variable, any distance on the image can then be provided in millimeters. Clicking

two further points on the image directly shows their distance as depicted in Fig. 3-20.

With this method, the thickness of the flange and the radius was measured for each spec-

imen.

Configuration Left flange 

[mm] 

Right flange 

[mm] 

Initial thick-

ness [mm] 

Initial 

FVC [-] 

Final FVC 

[-] 

L_3_8_12 8.04 8.35 7.6 0.334 0.508 

L_3_8_14 8.74 8.85 8.3 0.357 0.593 

L_3_10_16 10.44 10.46 10.0 0.339 0.484 

L_5_10_12 8.05 8.08 7.6 0.334 0.508 

L_5_10_14 8.58 8.69 8.3 0.357 0.593 

L_5_8_8 5.69 5.7 5.4 0.314 0.565 

L_3_8_12_F 8.06 8.00 7.6 0.334 0.508 

L_5_10_12_F 8.19 8.29 7.6 0.334 0.508 
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Fig. 3-20: Digital image length measurement during first holding phase at initial thickness 

(shown for configuration L_5_10_12_01), length in mm. 

Tab. 3-10 provides the mean specimen dimensions at the beginning of the compaction 

experiments. The given flange length corresponds to the respective dimension of the 

additively manufactured positioning device. The width of the specimens was measured 

manually with a caliper gauge. The values of the flange thickness and the radius thick-

ness were evaluated with the method mentioned above. For all configurations, the mean 

thickness of the flanges corresponds to the initial thickness being set in the UTM. The 

most noticeable result is that the radius section is significantly thinner for all configura-

tions. The radius thinning varies from 7.0% to 10.5% with configuration L_3_8_12 

showing the greatest thinning. No correlation was identified between the radius thinning 

and any other specimen properties such as number of layers, weight or FVC. 

Additionally to the measurement of specimen dimensions, the pictures taken before and 

after compaction can be used to quantify the deformation during the experiment. Over-

laying pictures before and after compaction enables measuring the shear deformation at 

the flanges. Fig. 3-21 depicts the overlay of two photographs of configuration 

L_5_10_12. The detail of the flange in Fig. 3-21b allows to quantify the shear defor-

mation by measuring the angle between the deformed and undeformed specimen. These 

measurements are used for model calibration and validation in Chapter 5. 
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Fig. 3-21: Overlay of pictures before and after compaction for the measurement of the shear 

angle after compaction (configuration L_5_10_12): (a) entire specimen showing the 

position of the detail; (b) detail for the measurement. 

Tab. 3-10: Mean specimen dimensions at the beginning of the compaction test 

3.5.3 Experimental results and discussion 

All configurations showed a gap between tool and preform on the outer radius at the 

beginning of the experiment. However, this gap vanished during the compaction to the 

final FVC during each repetition for all configurations. Fig. 3-22 illustrates the final state 

of the compaction experiment for one specimen of configurations L_3_10_16 and 

L_5_8_8. The photographs show that the gap vanishes for thick preforms with low final 

FVC (0.48) as well as for thin preforms with higher final FVC (0.57). Moreover, the 

radius of the lower tool does not influence this effect. The same behavior was observed 

during the force-controlled experiments L_3_8_12_F and L_5_10_12_F. 

Configuration Flange 

length [mm] 

Width 

[mm] 

Flange thick-

ness [mm] 

Radius thick-

ness [mm] 

Radius thin-

ning [%] 

L_3_8_12 40.0 40.94 7.6 6.8 10.5 

L_3_8_14 40.0 40.75 8.3 7.7 7.2 

L_3_10_16 38.5 41.51 10.0 9.3 7.0 

L_5_10_12 38.5 40.97 7.6 6.9 9.2 

L_5_10_14 38.5 40.59 8.3 7.7 7.2 

L_5_8_8 40.0 40.84 5.4 5.0 7.4 

L_3_8_12_F 40.0 40.87 7.6 6.9 9.2 

L_5_10_12_F 38.5 41.22 7.6 6.9 9.2 
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(a) (b) 

Fig. 3-22: Front view of the preforms during the holding phase at maximum compaction level: 

(a) configuration L_3_10_16; (b) configuration L_5_8_8.

Because of the vanishing gap in the radius, the contact area between tool and preform 

changes during the experiment. With a changing area the reaction force acts in, it is 

extremely difficult to calculate a stress response. Thus, the reaction force over time 

measured by the load cell is provided for the results analysis. The reaction force is also 

a direct output from the process simulation and can thus, be used for the model validation 

in Section 5.5. The force response of all displacement-controlled experiments is shown 

in Fig. 3-23. Besides the mean value illustrated as continuous line, the scatter between 

minimum at maximum values is shown with a shaded area. The most noticeable result 

is that the qualitative behavior is very similar to the planar compaction results in Fig. 

3-6. The angled preforms show an exponential stress increase during compaction and a

significant stress relaxation during the holding phase. Moreover, a strong dependency

of the relaxed stress on the final FVC appeared in the experiments. This leads to the

assumption that the material response of the angled preforms is dominated by the

through-thickness compaction force.

Having a closer look at the force responses, it is noticeable that not all curves are on top 

of each other although the compaction speed was the same. This can be explained with 

varying strain rates due to different preform thicknesses of the configurations 

L_3_10_16 and the L_5_8_8. A thinner preform compacted with the same velocity leads 

to higher strain rate. The remaining four curves with the same strain rate are nearly on 

top of each other during the compaction phase. Interestingly, the material responses of 

configurations L_3_8_12 and the L_5_10_12 are almost identical, whereas there is a 

significant difference between L_3_8_14 and the L_5_10_14. It seems that the tool ra-

dius has a significant influence on the peak stress and the relaxed stress for high FVC. 

The coefficient of variation is between 1.0 and 6.2%. Thus, the scatter is smaller than 

for the planar compaction experiments. The highest coefficient of variation appears for 

the configuration with 16 layers, whereas the configuration with only 8 layers shows the 
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lowest scatter. Consequently, there seems to be a relation between the scatter and the 

number of layers. This supports the hypothesis that nesting effects are a main contributor 

to the scattering of the experimental results. 

Fig. 3-23: Force response of the displacement-controlled non-planar compaction experiments 

for different tool radii and number of layers, including minimum and maximum scat-

ter area. 

The mean displacement response including the scatter area of the force-controlled ex-

periments is shown in Fig. 3-24. As for the displacement-controlled tests, the qualitative 

behavior is very similar to the planar compaction in Fig. 3-8. The thickness decrease is 

followed by a creep phase at constant force. The force release leads to a material spring-

back without recovering to the initial thickness. As in the case of displacement-con-

trolled tests, the coefficient of variation is less than for the planar experiments. The co-

efficients of variation of the 3 mm and the 5 mm configuration are 0.58% and 0.56%, 

respectively. Comparing Fig. 3-24a and b shows no obvious difference between the re-

sults. The mean maximum displacement at the end of the creeping phase differs by only 

0.14% and thus, lies inside the scatter range. 
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Fig. 3-24: Displacement response of the force-controlled non-planar compaction experiments, 

including minimum and maximum scatter area: (a) 3 mm inner tool radius; (b) 5 mm 

inner tool radius.  

In contrast to some of the reviewed literature, none of the tested configurations showed 

a gap in the corner. However, in several cases, the appearance of gaps can be explained 

with poor tool design. As reported by Bickerton et al. in [30], they only observed race-

tracking in the corner for one configuration that had significantly higher cavity thickness 

in the radius. Causse et al. [56] used molds with the outer radius being greater than the 

inner radius. This tool design enforces gaps, because the cavity thickness is larger in the 

corner. Koutsonas [63] performed experiments with constant cavity thickness observing 

race-tracking channels in the radius. Dong [52] could also determine gaps in the cavity 

with constant height. However, the four examples discussed used layered stacks without 

activating the binder. This is in good agreement with the radius thinning observed in 

Subsection 3.5.2. 
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4 Compaction material model for dry 

carbon fiber preforms 

The objective of this chapter is the development of a one-dimensional material model 

which is capable of predicting the complex time-dependent compaction behavior of dry 

carbon fiber preforms. The model should meet the following requirements in order to be 

applicable in a numerical process simulation:  

• Description of the material behavior in a single formula for compaction and

relaxation.

• Prediction of the material response for displacement-controlled and force-

controlled setups.

• Computational efficiency in order to be used for complex geometries.

After the model is developed and model parameters are identified, it is validated with 

experimental data. For this purpose, displacement-controlled and force-controlled ex-

periments with the weave and the NCF material are used.  

4.1 Model development 

As a starting point for the development of a new material model, the approach of 

Schapery [200] and Kaliske [195] was used, since it already meets most of the objectives 

mentioned above. On the one hand, the model describes viscoelastic behavior in a single 

equation. On the other hand, it is computational efficient according to Kaliske and 

Rothert [195]. However, the capabilities for the prediction of displacement-controlled 

and force-controlled material response of the selected materials needs to be investigated. 

In order to evaluate the predictive quality of different models, a fitting approach is 

developed which is capable of quantifying the distance between curves. Afterwards, a 

phenomenological model was developed and fitted to experimental data.  

The content of this section is partly derived from the preprint of [P1]. 

4.1.1 Fitting approach 

A phenomenological approach was used to modify an existing model in order to better 

reproduce the experimental data. The starting point of the model development was a 
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generalized Maxwell model, in which the branch spring stiffness 𝐸𝑗 was modified with 

different formulations. The resulting models were fitted to the test results. For this pur-

pose, an optimization algorithm was used which minimizes the area between experi-

mental and model data. The quality of a certain formulation was evaluated using the 

results of the objective function. The fitting algorithm reads in the experimental time-

stress data and takes the same time steps to calculate the total stress with the developed 

model. The difference from the experimental curve can then be calculated without inter-

polation. For every input curve, the difference between experimental and model stress 

was calculated for each data point. The normalized sum of the stress differences 𝜆 for 

one input curve was calculated as follows: 

𝜆 =
∑ (𝜎𝑖,𝑒𝑥𝑝 − 𝜎𝑖,𝑚𝑜𝑑𝑒𝑙)

2𝑃
𝑖=1

∑ 𝜎𝑖,𝑒𝑥𝑝
2𝑃

𝑖=1

(4-1) 

The square difference between experiment and model was summed up for every stress 

data point 𝜎𝑖. 𝑃 describes the total number of data points of the current curve. The square 

difference method was used in order to give areas with greater deviation a higher weight 

in the optimization. The value was normalized to the square sum of the experimental 

values to make an evaluation of the quality of a fit at the different stress levels possible. 

By summing up the normalized stress differences for all input curves, the objective func-

tion is defined as follows: 

𝜆𝑡𝑜𝑡 = 𝑟 ⋅ ∑
(𝜎𝑚𝑖𝑛,𝑒𝑥𝑝 − 𝜎𝑚𝑖𝑛,𝑚𝑜𝑑𝑒𝑙)𝑘

2

𝜎𝑚𝑖𝑛,𝑒𝑥𝑝,𝑘
2 + (1 − 𝑟) ⋅ ∑ 𝜆𝑘

𝑀

𝑘=1

𝑀

𝑘=1

(4-2) 

The stress difference 𝜆𝑡𝑜𝑡 for all input curves 𝑘 was minimized. 𝑀 is the number of input 

curves which are selected for the optimization. In order to receive a better representation 

of the peak stress, the difference between the minimum stresses 𝜎𝑚𝑖𝑛 of each curve re-

ceives a higher weight in the objective function. Therefore, the absolute difference be-

tween the experimental and model peak stress was considered with a weighting factor 𝑟. 

A weight 𝑟 = 0.1 for the peak stress has been found to produce the most accurate results. 

The normalized total difference 𝜆𝑡𝑜𝑡 was minimized with a sequential least squares pro-

gramming method implemented in Python. A more detailed description of the fitting 

procedure is given in Appendix d. 

4.1.2 Formulation of the spring stiffness 

The development of a new model capable of predicting the compaction behavior of car-

bon fiber preforms was based on the formulation from Kaliske et al. [195]. They used a 

generalized Maxwell model to describe the viscoelastic behavior of different rubber ma-

terials. The main advantage of their model is that compaction and relaxation can be 
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described with a single formula. Moreover, the incremental description provides the op-

tion of a computational efficient implementation in an FEA code. The rheological rep-

resentation of the model with three branches (𝑁 = 3) is depicted in Fig. 4-1. In this 

model, 𝐸0 denotes the stiffness in the free spring, whereas 𝐸𝑗 and 𝜏𝑗 represent the stiff-

ness and relaxation time in the branch 𝑗 with 𝑗 = 1 … 𝑁. 

Fig. 4-1: Rheological representation of the developed material model with three branches. 

The stress ℎ𝑗  in one Maxwell branch 𝑗 is given by an incremental formulation in depend-

ency of the previous time step [195]: 

ℎ𝑗,𝑡+∆𝑡 = exp (−
∆𝑡

𝜏𝑗
) ∙ ℎ𝑗,𝑡 + 𝐸𝑗 ∙ (1 − exp (−

∆𝑡

𝜏𝑗
))

∆𝜖

∆𝑡
𝜏𝑗

⁄
(4-3) 

Where ∆𝑡 is the time step size, 𝜏 is the relaxation time of the dashpot, 𝐸 is the stiffness 

of the spring, and 𝜖 is the total strain of the Maxwell element. 

The total stress 𝜎 is defined as the sum of the 𝑁 branch stresses and the stress in the free 

spring with stiffness 𝐸0 [195]: 

𝜎𝑗,𝑡+∆𝑡 = 𝐸0𝜖𝑡+∆𝑡 + ∑ ℎ𝑗,𝑡+∆𝑡

𝑁

𝑗=1

 (4-4) 

The stiffness 𝐸0 in the free spring ensures that not all the applied stress was relaxed after 

the compaction. The magnitude of relaxed stresses of the various configurations in Fig. 

3-6 and Fig. 3-7 increases sharply with an increasing final FVC. The relation between

relaxed stress and FVC was thus strongly nonlinear. Consequently, an expression of the

stiffness 𝐸0 with an exponential law in dependency of the FVC 𝑉𝑓 was introduced.
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𝐸0 =
𝐴

𝑉𝑓
∙ 𝑒𝑥𝑝 (𝐵 ∙ 𝑉𝑓

2) (4-5) 

The variables A and B are fitting parameters which can be derived from the relaxed 

stresses depending on the final FVC. 

With a defined 𝐸0, a novel formulation which describes the stress in one branch can then 

be developed. Initially, the aforementioned model from Kalsike with three Maxwell 

branches and a constant spring stiffness 𝐸𝑗 was implemented in Python. In order to eval-

uate the capabilities of the model, it was fitted to configuration WV_0.55-1 of the weave 

material from Tab. 3-1 using Eq. (4-2). The resulting curve was plotted in Fig. 4-2a 

(referred to as “const”) together with the mean value of the experimental data. The fit of 

the const model shows that the exponential stress increase during the compaction phase 

cannot be well reproduced. Moreover, the model provides a poor fit of the high peak 

stress. However, the relaxed stress was described very well, which is defined by the 

stiffness 𝐸0. To gain a deeper understanding of why the model was not capable of show-

ing high peak stresses, it was fitted again with a higher weight for the peak stress, 𝑟 =

 0.99. The resulting curve is shown in Fig. 4-2a as “const peak”. This modification led 

to a very good description of the peak stress and the stress decrease during relaxation. 

However, the compaction phase was modeled extremely poorly. The significant differ-

ence compared to the experimental curve in the first phase led to higher values 𝜆𝑡𝑜𝑡 of 

the objective function during the optimization. The deviation of the model during the 

compaction phase can be explained by the evolution of the branch stresses. Fig. 4-2b 

shows the contributions of the four branches to the total stress for the const peak fit. Due 

to the constant FVC in the holding phase, the stress in 𝐸0 remained constant. Thus, high 

peak stresses could only be achieved with high stresses in the remaining branches. In 

every branch, the stress increases sharply at the beginning when the deformation is 

mostly taken by the spring. Since the dashpot takes larger fractions of the deformation, 

the stress increased more slowly. During the holding phase, the extension of the spring 

reached its initial state, and the stress returned to zero. The higher the peak stress com-

pared to the relaxed stress of the experimental data, the higher the fraction from the 

branches in the model needs to be. However, this also caused larger deviations in the 

compaction phase. Hence, the const model might be suitable for materials with low peak 

stresses, but not for high peak stresses. 

Since the stiffness was constant, the elastic branch strains had the same qualitative be-

havior as the branch stresses shown in Fig. 4-2b. The slope of the branch stress can be 

adjusted by modifying the stiffness 𝐸𝑗. Thus, in order to achieve a better fit during the 

compaction phase, a nonlinear stiffness with a flat increase at the beginning and a steep 

increase towards the peak stress is needed. With a spring and a dashpot connected in 

series, the viscous strain shows this qualitative behavior. Given that the strain in the 

dashpot equals the total strain minus the elastic strain, it has the opposite behavior of the 

strain in the spring. The viscous lin model uses a stiffness with a linear dependency on 
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the viscous strain. The best fit of this model is shown in Fig. 4-2a. Contrary to the two 

fits with a constant stiffness, the compaction showed a good agreement with experi-

mental results. The peak stress was significantly higher than with the const model, but 

still not as high as the experimental data. The relaxation phase was in good agreement 

with the test, but the stress was relaxing too slowly. In order to further improve the fit, 

the stiffnesses 𝐸𝑗 were defined with an exponential dependency on the viscous strain. 

The result of the fitting optimization is shown in Fig. 4-2a. The viscous exp model is in 

very good agreement with the experimental data in the compaction phase as well as in 

the relaxation phase. A comparison of the best fit results for the four different models is 

given in Tab. 4-1. The optimized values of the objective function support that the viscous 

exp model agrees extremely well with the experimental data. As a result, only this model 

was considered for the following study. 

Tab. 4-1: Comparison of the fit optimization for different stiffness formulations. 

Model 𝑬𝒋 formulation 𝝀𝒕𝒐𝒕 of best fit [-]

Const 𝐸𝑗  =  𝑎𝑗 21.29*10-3 

Const peak 𝐸𝑗  =  𝑎𝑗 94.33*10-3 

Viscous lin 𝐸𝑗  =  𝑎𝑗 ∙  𝜖𝑣 4.488*10-3 

Viscous exp 𝐸𝑗  =  𝑎𝑗 ∙  exp (𝑏𝑗 ∙ 𝜖𝑣) 0.9438*10-3 

In order to account for the stiffnesses 𝐸𝑗, which can vary between two consecutive time 

steps, Eq. (4-3) was adjusted. The consideration of the time dependency of the stiffness 

for the integration leads to: 

ℎ𝑗,𝑡+∆𝑡 = 𝑒𝑥𝑝 (−
∆𝑡

𝜏𝑗
) ∙ ℎ𝑗,𝑡 + (𝐸𝑗,𝑡+∆𝑡 − 𝐸𝑗,𝑡𝑒𝑥𝑝 (−

∆𝑡

𝜏𝑗
))

𝑗

∆𝜖

∆𝑡
𝜏𝑗

⁄
(4-6) 

With the total strain 𝜖 and the elastic branch strain  𝜖𝑗
𝑒, the branch stiffness can be written

as: 

𝐸𝑗 = 𝑎𝑗 ∙ 𝑒𝑥𝑝 ((𝜖 −  𝜖𝑗
𝑒) ∙ 𝑏𝑗) (4-7)

Where 𝑎𝑗 and 𝑏𝑗 are constants relative to the branch stiffness. For the calculation of the 

current stress, the stiffness 𝐸𝑗,𝑡+∆𝑡 needs to be known and depends on the strain 𝜖𝑗,𝑡+∆𝑡
𝑒 . 

From Eq. (4-6), a formulation for the current elastic strain can be derived: 
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 𝜖𝑗,𝑡+∆𝑡
𝑒 = 𝑒𝑥𝑝 (−

∆𝑡

𝜏𝑗
) ∙ 𝜖𝑗,𝑡

𝑒 + (1 − 𝑒𝑥𝑝 (−
∆𝑡

𝜏𝑗
))

∆𝜖

∆𝑡
𝜏𝑗

⁄
(4-8) 

The total stress in the system can be calculated with Eq. (4-4) by inserting Eq. (4-5), 

(4-6), (4-7) and (4-8). The model is described with the fitting parameters 𝐴 and 𝐵 for 

the spring 𝐸0 and the parameters 𝑎𝑗, 𝑏𝑗, and 𝜏𝑗 for each branch. 

The derivation of Eq. (4-3) was based on the assumption of linear elastic behavior. Given 

that a nonlinearity has been introduced later on in order to improve the accuracy of the 

model, the new formulation does not correspond to a generalized Maxwell model. Thus, 

the stress which is calculated with Eq. (4-6) is not the same as the stress of a nonlinear 

Maxwell model with the branch stiffness of Eq. (4-7). There is no simple analytical so-

lution to this nonlinear problem, because the derivation of the stress formulation requires 

a time integration of the relaxation function. This leads to extremely complex equations 

if the stiffness itself is time-dependent. A numerical integration is possible, but it results 

in very long calculation times. However, the goal of this study is to provide a numeri-

cally efficient model capable of predicting the behavior of the material. Hence, a phe-

nomenological approach for the derivation of this model was chosen. 

Fig. 4-2: (a) Experimental stress evolution of config WV_0.55-1 in comparison with different

model formulations; (b) Branch stresses of the const peak fit compared to experimental

stress data of config WV_0.55-1.

The recursive formulation of the presented model takes the current strain and the strain 

rate as inputs for each time increment. This formulation thus enables the calculation of 

stresses for non-constant compaction velocities. This is useful in case the tool velocity 

is decreased before the maximum stress is reached in order to minimize peak stresses. 

The model can also be applied to compute stresses for multi-step compaction processes. 
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The derivation of the model parameters requires two steps. In the first step, the relaxed 

stresses for different FVC are fitted to Eq. (4-5). With the derived values for 𝐴 and 𝐵, 

the remaining branch parameters 𝑎𝑗, 𝑏𝑗, and 𝜏𝑗 can be fitted using Eq. (4-4) and (4-6) in 

the second step. It is recommended to use at least three configurations with different 

compaction speeds and the same final FVC for the branch parameter fitting in order to 

cover the strain rate dependency. 

4.2 Numerical solution of the nonlinear 

equations 

The viscous exp model in Section 4.1 was derived applying a phenomenological ap-

proach by modifying the spring stiffness in an existing generalized Maxwell model. The 

incremental formulation which was used as a starting point was derived from linear rhe-

ological elements. Because nonlinearities were introduced at a later stage, the provided 

solution of the viscous exp model in Eq. (4-6) does not correspond to a rheological Max-

well element. The physically correct description of a nonlinear Maxwell element re-

quires solving Eq. (2-8) with the nonlinear spring from Eq. (4-7): 

𝜖̇ =
1

𝑎 ∙ exp (𝜖𝑣 ∙ 𝑏)
(�̇� +

1

𝜏
𝜎) (4-9) 

However, the model developed in Section 4.1 is capable of predicting the compaction 

response of different reinforcement materials very well. Moreover, the presented meth-

odology provides a highly efficient analytical solution and meets the goal of this work 

very well. The objective of this section is to find a numerical solution of Eq. (4-9) in 

order to gain a deeper understanding of the model. Furthermore, a comparison of the 

phenomenological model to the numerical solution of the nonlinear Maxwell model al-

lows quantifying the deviation due to the simplifications.  

The mathematically correct solution of the nonlinear Maxwell model requires solving 

the first order differential equation Eq. (4-9). Because according to Eq. (2-5), the viscous 

strain 𝜖𝑣 in the definition of the spring stiffness is a function of the stress rate �̇�, this

function is extremely complex to be solved analytically. However, Eq. (4-9) can be 

solved with iterative methods such as Newton’s method. In order to apply Newton’s 

method, the problem needs to be defined in a way that it can be solved by finding an x-

axis intercept. This can be achieved by using the assumption that in any arbitrary series 

connection of rheological elements, the stresses are equal in all individual elements at 

an equilibrium state. The equilibrium state of a Maxwell element with the elastic stress 

𝜎𝑒 in the spring and the viscous stress 𝜎𝑣 in the dashpot, can be written as follows:

𝜎𝑒 − 𝜎𝑣 = 0 (4-10) 
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Another possibility to apply Newton’s method is to use the assumption that the total 

strain in a series connection equals the sum of the elastic and viscous strains of the indi-

vidual elements: 

𝜖 − 𝜖𝑒 − 𝜖𝑣 = 0 (4-11) 

Assuming that the total strain 𝜖 of the Maxwell element is known from the boundary 

condition, the viscous stress can be rewritten by using Eq. (2-5): 

𝜎𝑣 = 𝜏
𝑑(𝜖 − 𝜖𝑒)

𝑑𝑡
(4-12) 

Thus, a function 𝑓(𝜖𝑒) can be derived from Eq. (4-10) by inserting Eq. (2-4) and (4-12),

which provides the elastic strain 𝜖𝑒 at the stress equilibrium state by finding the x-axis

intercept of: 

𝑓(𝜖𝑒) = 𝐸𝜖𝑒 − 𝜏
𝑑(𝜖 − 𝜖𝑒)

𝑑𝑡
(4-13) 

Now Newton’s method can be applied in the following form in order to find the elastic 

strain at which the elastic stress equals the viscous stress: 

𝜖𝑡+∆𝑡
𝑒 = 𝜖𝑡

𝑒 −
𝑓(𝜖𝑛

𝑒)

𝑓′(𝜖𝑛
𝑒)

(4-14) 

Eq. (4-14) has been implemented in a Python script, which allows solving arbitrary 

linear and nonlinear Maxwell elements numerically. In order to verify that the numerical 

approach delivers a sufficient result, it is validated with the analytical solution from 

Kaliske and Rothert [195] for a linear Maxwell element. The const model response for 

configuration WV_0.55-1 was calculated analytically and numerically for the same set 

of parameters derived from the fitting in Section 4.1 (𝐴0=4.00e-3, 𝐵0=1.61e-8, 

𝑎1=1.00e-8, 𝑎2=8.15e-1, 𝑎3=1.00e-7, 𝜏1=7.55e+0, 𝜏2=1.17e+2, 𝜏3=1.38e+1). The 

comparison of the analytical and the numerical solution of the model response is shown 

in Fig. 4-3a. It can clearly be seen, that the stress responses of the two approaches are 

the same. Hence, the numerical approach can be applied for nonlinear problems, which 

do not allow a straight forward analytical solution. 

In the next step, the phenomenological viscous exp model from Section 4.1 is compared 

to the numerical solution of the nonlinear generalized Maxwell model with the same 

spring stiffnesses. The comparison of the stress responses of the two models is shown in 

Fig. 4-3b. Both curves are calculated for configuration WV_0.55-1 using the same set 

of model parameters for the weave material from Tab. 4-2. Comparing the stress evolu-

tion shows that both models respond nearly identical during the compaction phase. How-

ever, the model responses show a significant deviation during the relaxation phase. After 

similar initial relaxation, the numerical model response shows a second increase of the 
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absolute stress value, whereas the phenomenological model keeps decreasing. Having a 

second stress peak at around 240 s, the numerically solved model decreases the stress to 

the same final relaxed stress. Equal relaxed stresses for both solutions can be explained 

with zero stresses in the spring-dashpot branches. Moreover, it can be assumed that the 

compaction phase is also dominated by the stress in the spring 𝐸0. The second stress 

peak during the relaxation of the numerically solved model can physically not be ex-

plained. Because the stress in the spring 𝐸0 is constant during the relaxation, stress in-

crease must be resulting from the spring-dashpot branches.  

Fig. 4-3: Comparison of the stress response for configuration WV_0.55-1: (a) analytical and 

the numerical solution of the const model; (b) phenomenological model and the nu-

merical solution of the viscous exp model. 

In order to gain a deeper understanding of the behavior of the numerically solved model, 

the stress evolution in the individual spring-dashpot branches needs to be analyzed. Fig. 

4-4 compares the stress evolution in the individual branches for the phenomenological

model and the numerical solution. The comparison shows that the stresses in branches 1

and 3 are nearly identical, whereas stresses in branch 2 show a very different behavior.

The difference is particularly striking during the relaxation phase. The delayed stress

peak in the second branch explains the behavior of the total stress of the numerical so-

lution in Fig. 4-3b. As shown in Tab. 2-1, a continuous stress decrease is expected at

constant strain in a Maxwell model, because the strain is gradually transferred from the

spring to the dashpot. However, the absolute stress in branch 2 of the numerical solution

keeps increasing at constant total strain. According to Eq. (2-4), an increasing stress in

the spring can only be caused by increasing strain or increasing stiffness in the spring.

Taking a closer look into the evolution of the spring stiffnesses explains the behavior 

that was observed for the branch stresses. The comparison in Fig. 4-5a shows that both, 
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the phenomenological and with the numerical approach, deliver the same spring stiff-

nesses. As expected from the stresses in Fig. 4-4, the stiffness in branch 2 increases after 

the ramp time has been reached. The same but less dominant effect can be seen in branch 

1. Looking at the model parameters in Tab. 4-2 leads to the assumption that the effect is

related to higher relaxation times in the branches. The root cause can be found by look-

ing at the viscous strains in the individual branches in Fig. 4-5b. Due to the higher re-

laxation time 𝜏2, the second branch reacts more slowly and thus, needs more time to 

transfer the elastic strains to viscous strains. This leads to a slower increase of the branch 

stiffness and a delayed stress peak in branch 2.  

Fig. 4-4: Comparison of the branch stresses of the analytical and the numerical solution of the 

viscous exp model for configuration WV_0.55-1. 

The comparison of the solution of the phenomenological model with the numerical 

model in Fig. 4-5 shows that strains and stiffnesses are the same for both approaches. 

The simplification in the derivation of the phenomenological model results in a different 
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Fig. 4-5: Comparison of the analytical and the numerical solution of the viscous exp model for 

configuration WV_0.55-1: (a) spring stiffness; (b) viscous strain. 

The fact that the poor fit of the numerical solution is a result of the viscous strain in-

creasing after the ramp time, raises the question if the model can be improved with a 

modified strain. Defining the spring stiffness in dependency of a modified strain, which 

remains constant after the ramp time, eliminates the second peak in the numerical solu-

tion. Danzi et al. [107] introduced a relative strain 𝜖𝑟𝑒𝑙 which shows constant values

after the ramp time: 

𝜖𝑟𝑒𝑙 = 𝜖 − max (𝜖𝑒) (4-15) 

By subtracting the maximum elastic strain from the total strain, the relative strain shows 

the desired behavior. Interestingly, Kelly used a similar strain relation in [214] subtract-

ing the branch strain from the maximum possible strain. According to Kelly, this ensures 

higher viscous stresses when fibers are packed more tightly at higher FVC. Fig. 4-6a 

shows the different strains appearing in branch 2. It can be seen that the relative strain 

equals the viscous strain until it remains constant when the ramp time is reached. 

The stiffness of the springs in the branches of the relative exp model can then be defined 

as follows: 

𝐸𝑗 = 𝑎𝑗 ∙ 𝑒𝑥𝑝 (𝜖𝑗
𝑟𝑒𝑙 ∙ 𝑏𝑗) (4-16) 

Fig. 4-6b compares the stress response of the phenomenological viscous exp model and 

the numerically solved relative exp model with the experimental data of configuration 

WV_0.55-1. Both models were fitted to the experimental data. The comparison reveals 

that the relative exp model shows a larger deviation from the experimental data during 
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the compression phase. However, both models show a very similar behavior during the 

relaxation. The λtot of the best fit of the relative exp model is 1.253*10-3 compared to

0.9438*10-3 for the viscous exp model. This proves that the relative exp model cannot 

reproduce the experimental data as accurate as the phenomenological viscous exp model. 

A comparison of the run time of the python scripts shows that the numerical solution of 

the relative exp model needs 33.5% more time than the viscous exp model. Because the 

model will be used in numerical simulations with thousands of elements and hundreds 

of time steps, short calculation times are crucial.  

Due to better accuracy and shorter calculation times, the phenomenological viscous exp 

model will be used for the following studies in this work. It is important to state that the 

viscous exp model was derived from a linear generalized Maxwell model, but does not 

correspond to a rheological model, because nonlinearities were incorporated. Thus, the 

newly derived constitutive law is considered as a phenomenological model. The Max-

well elements in the model are consequently called branches in order to point out that 

they are not referred to as rheological elements. Nevertheless, the newly developed phe-

nomenological model provides the best capability to answer research question 2 and the 

objectives defined at the beginning of this chapter. The applicability to displacement and 

force-controlled scenarios is proven and discussed in the following sections. 

Fig. 4-6: (a) strains in branch 2 of the viscous exp model for configuration WV_0.55-1; (b)

Comparison of stress responses of different models with experimental results for

configuration WV_0.55-1.
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4.3 Application of the viscous exp model to 

displacement-controlled setups 

In this section, the phenomenological viscous exp model developed in Section 4.1 is 

applied to displacement-controlled setups. In order to prove the applicability to various 

reinforcement materials, the model is used to predict the stress response of the woven 

fabric and the NCF which have been characterized in Section 3.2. Configurations 0.45-2, 

0.50-2, 0.55-1, 0.55-2, 0.55-5 and 0.60-2 from Tab. 3-1 are used for the calibration of 

the model. The remaining configurations 0.50-1 and 0.50-5 are used for the model vali-

dation in Subsection 4.3.3. Moreover, a sensitivity analysis is performed to gain a deeper 

understanding of the individual model parameters. The parameter study is also used as 

a base line to decide on the optimum number of branches in the model. The objective of 

this section is to prove that the model can be applied to different materials capturing the 

strain rate dependency and the FVC dependent stiffness of the fibrous materials. The 

content of this chapter is partly derived from the preprint of [P1]. 

4.3.1 Model calibration 

The analytical viscous exp model is calibrated in two steps. At first, the parameters of 

the stiffness of the free spring 𝐸0 are determined. In the second step, the remaining pa-

rameters, which define the stress in the branches, are identified. It is assumed that the 

stress of the fully relaxed state is only stored in the free spring. Thus, the stiffness 𝐸0 

can be determined independently of the branches. The relaxed stresses of the compaction 

experiments with the velocity 2 mm/min are used for the parameter fitting, in order to 

have four different FVCs. The values 𝐴 and 𝐵 in Eq. (4-5) are fitted with the experi-

mental data in dependency of the final FVC. From Eq. (3-1), the strain can be calculated 

with the initial FVC 𝑉𝑓0 as: 

𝜖 =
𝑉𝑓0

𝑉𝑓
− 1 (4-17) 

Fig. 4-7 shows the result of the parameter fitting for the free spring for the two tested 

materials. The relaxed stress from experimental data was plotted with the scatter of the 

corresponding configuration. The description of the stiffness 𝐸0 in Eq. (4-5) predicted 

the relaxed stresses very well. The model curve was in excellent agreement with the 

experimental data of both materials. Only the stress of the weave at 55% FVC was over-

predicted and the stress of the NCF at 45% FVC was slightly under-predicted. Never-

theless, the curve remains within the scatter of the experimental data. The values of the 

parameter fitting are given in Tab. 4-2. 
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Fig. 4-7: Fitting of the model to the relaxed stresses of experimental data with 2 mm/min, in-

cluding scatter for the weave and the NCF. 

For the second step of the procedure, configurations having different compaction veloc-

ities and the same final FVC were fitted. Three configurations were used to cover the 

strain rate dependent behavior of the material. The optimization algorithm provides the 

set of parameters having a minimum distance between the experimental and model data 

according to Eq. (4-2). The resulting parameters which define the elastic branch stiffness 

from Eq. (4-7) and the branch relaxation times for both materials are provided in Tab. 

4-2. The fitting parameters are given for a model with three branches.

Fig. 4-8shows the three experimental input curves of the fitting algorithm with a final 

FVC of 55% and different compaction velocities with the corresponding model predic-

tions. The model of the weave in Fig. 4-8a exhibits a good level of accuracy during the 

compaction phase. Additionally, the model predicted the peak stresses notably well, 

which is of special importance for tooling force analysis. During the relaxation, the 

model response matched the experiments very well for the first hundred seconds after 

the peak stress. In contrast, the model shows some deviations for the subsequent relax-

ation. For all velocities, a deviation can be seen from the experimental relaxed stress. 

The difference of the final stresses in the 2.0 mm/min configuration of the weave corre-

sponds to the small deviation of the fit in Fig. 4-7, at 55% FVC. The compaction at 

1.0 mm/min exhibited minor deviations at the end of the relaxation. However, for higher 

compaction velocities, the model response diverged earlier from the experimental re-

sults. This behavior can be explained with the parameter fitting to the relaxed stresses in 

Fig. 4-7. Since the model assumes that the relaxed stress is stored in the free spring, it is 

independent of the compaction velocity. Thus, the experimental data with different re-

laxed stresses cannot be perfectly reproduced. Importantly, the relaxed stress of the 

model prediction is -0.375 MPa, which is still within the scatter area of the experimental 

data. The modeled material response of the NCF is compared with the experimental data 
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in Fig. 4-8b. Except for minor deviations at the beginning, the compaction phase of the 

model was in very good agreement with experimental data. Moreover, the peak stresses 

were predicted very well for all three compaction velocities. The stress relaxation was 

in good agreement with the experiments for the 2 mm/min and 1 mm/min compaction 

velocities, whereas the relaxation behavior for the highest velocity showed a deviation. 

This can be explained with the strain-rate-independent definition of 𝐸0. 

Tab. 4-2: Model parameters of weave and NCF material for the three-branch model. 

Fig. 4-8: Fitting of the branch parameters to different compaction velocities for the three-

branch model; (a) weave, (b) NCF. 
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Model parameter Value weave material Value NCF material 

𝐴 4.001*10-3 MPa 4.354*10-4 MPa 

𝐵 1.613*10+1 2.078*10+1 

𝑎1 5.348*10-3 MPa 6.127*10-3 MPa 

𝑏1 1.942*10+1 2.571*10+1 

𝑎2 1.585*10-1 MPa 1.095*10-8 MPa 

𝑏2 9.274 1.389*10-2 

𝑎3 6.409*10-3 MPa 6.883*10-3 MPa 

𝑏3 2.080*10+1 2.127*10+1  

𝜏1 9.477 s 1.452*10+2 s 

𝜏2 1.101*10+2 s 3.718*10+1 s 

𝜏3 1.034 s 4.635 s 
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4.3.2 Parameter study 

A sensitivity analysis was performed in order to gain a better understanding of the model 

parameters. For this purpose, the optimum elastic and viscous parameters of the weave 

material in Tab. 4-2 were increased and decreased by 50%. 

Fig. 4-9 shows the results of the study, with every column representing one of the 

branches in the model. Each plot takes the modeled compaction curve from configura-

tion WV_0.55-2 as a reference. The modification of the single parameters clearly shows 

the influence on different sections of the compaction response. Comparing the 𝑎𝑗 values 

in the first row shows that 𝑎1 influenced the peak stress and the early stress relaxation, 

whereas the parameter 𝑎2 in the second branch influenced the relaxation behavior at 

later time points. However, 𝑎3 did not have a significant influence on the characteristic

of the curve. Varying the 𝑏𝑗 parameters in the second row led to a similar behavior. 

Modifying 𝑏1 strongly influenced the value of the peak stress. However, 𝑏2 mostly af-

fected the early stress relaxation. It is important to note that the 𝑏𝑗 values were the only 

ones influencing the compaction phase for every branch. Varying the relaxation times 

𝜏𝑗  showed that the first branch defined the beginning of the relaxation, and the second 

one defined the subsequent stress relaxation. In contrast, 𝜏3 seems to have a minor in-

fluence on the compaction response. Generally, all relaxation times influenced the re-

laxation without having a significant influence on the compaction response or the peak 

stress.  

The parameter study showed that different sections of the response curve can be modi-

fied individually by increasing or decreasing different variables. This study supports the 

outcome from the two tested materials, that very different behavior from strong to weak 

stress relaxation can be represented very accurately with the developed model. 

Interestingly, the third branch was only sensitive to an increased 𝑏3 value. Moreover, it 

seems that the effect of increasing 𝑏3 can also be achieved by a combination of other 

parameters. However, decreasing 𝑏3 or varying the other values in the third branch had 

a minor effect on the model response. This finding indicated that the compaction behav-

ior can also be modeled with only two branches. Thus, the fitting procedure was repeated 

for the weave with a different number of branches. The normalized total stress difference 

𝜆𝑡𝑜𝑡 of the three input curves was used to evaluate the quality of the fit. Tab. 4-3 com-

pares the results of the objective function for one, two, three, and four branches. The 

comparison proves that the third branch has a minor influence on the model behavior. 

The model with two branches decreases the quality of the fit by 7.4% compared to three 

branches. However, further reduction to a single branch worsens the result significantly. 

The model with four branches shows a negligible improvement of the fit compared to 

three branches. Due to the high number of variables, the computational effort for the 

optimization increases significantly. For the following validation, three branches were 

used in order to obtain the best possible results with a reasonable amount of CPU effort. 
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Fig. 4-9: Variation of elastic and viscous parameters for three branches of ±50% of the fitted 

optimum (ref.), all curves plotted for 2 mm/min with 0.5 final FVC. 

Tab. 4-3: Total difference of the parameter fitting of the weave material for different number 

of branches 𝑵. 
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4.3.3 Model validation and discussion for displace-

ment-controlled setups 

For the derivation of the parameters in the branches, the three configurations 0.55-1, 

0.55-2, and 0.55-5 from Tab. 3-1 were used for each material. The remaining experi-

ments can thus be used for validating the model. Fig. 4-10 shows the experimental re-

sults and the corresponding model predictions for all displacement-controlled configu-

rations with the weave material. In general, the model with three branches predicted the 

compaction response of the woven material very well. During the compression phase, 

there was only a small deviation for configuration WV_0.50-5. The model and the ex-

periments show a good agreement for the peak stresses for both low and high FVC. 

However, deviations were observed in the relaxation phase. The modeled relaxation re-

sponse was very accurate for configurations WV_0.50-2, WV_0.55-2, and WV_0.55-5. 

For lower FVC values, as in configuration WV_0.45-2, the model relaxed the stresses 

too slowly. In contrast, the higher FVC in configuration WV_0.60-2 causes an overly 

rapid stress relaxation. The final stresses in all configurations were in very good agree-

ment with the experimental results. For the slower (configuration WV_0.50-5) and faster 

(configuration WV_0.50-1) compaction velocities with 50% FVC, the stress did not re-

lax to the experimental values, which is due to the model assumption of a purely elastic 

free spring. 

Fig. 4-10: Experimental data of the weave material tests for different compaction velocities and 

final FVC, including minimum and maximum scatter area and prediction of the vis-

cous exp model. 
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Fig. 4-11 shows the mean experimental data, including scatter, together with the results 

of the modeled stress response of the NCF material. The modeled compression phase 

was in very good agreement with experimental results, showing only small deviations at 

the beginning of the compaction. As for the woven fabric, the model predicted the peak 

stresses very well for all configurations. During the relaxation, the same effect as that of 

the weave can be observed. If the material was compacted to a low FVC, the model 

relaxed the stress too slowly, whereas the stress relaxation was too fast at a high final 

FVC. This can be explained with the different phases during the compaction as intro-

duced in Section 2.2. During the compaction of configurations NCF_0.45-2 and 

WV_0.45-2, larger voids remained in the preform without entering the third phase of 

sharp stress increase, whereas configurations NCF_0.60-2 and WV_0.60-2 exhibited 

stronger yarn deformation. This effect might be the cause for the deviation in the relax-

ation behavior. Another parameter could be introduced into the macroscopic model in 

order to cover the additional strain rate dependency during the stress relaxation. The 

relaxation of the model agrees very well with experimental data at 50% FVC for all 

velocities tested. The final stresses were in very good agreement with experimental re-

sults for all configurations, except for NCF_0.45-2. The deviation of the relaxed stress 

came from the fit of the free spring 𝐸0 illustrated in Fig. 4-7. 

Fig. 4-11: Experimental data of the NCF material tests for different compaction velocities and 

final FVC, including minimum and maximum scatter area and prediction of the vis-

cous exp model. 
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4.4 Implementation of the material model in a 

user-defined subroutine 

The formulation in Eq. (4-3) cannot be solved analytically for force boundary conditions 

to calculate compaction strains. Nevertheless, the calculation of strains is possible in 

numerical simulations. Thus, the viscous exp model developed in Section 4.1 has been 

implemented in user material routine in ANSYS Mechanical. With the FE simulation, 

the force-controlled configurations from Tab. 3-2 can be modeled and the strain response 

can be compared to experimental data. Moreover, it is the basis for geometrically more 

complex models in Chapter 5. 

All structural FE simulations were performed using the commercial software ANSYS 

Mechanical 2020.R2 [243]. An ANSYS research license held by the TUM LCC was 

used for all simulations. Computationally more expensive models were solved on the 

CoolMUC-2 and CoolMUC-3 high performance cluster from the Leibniz 

Rechenzentrum (LRZ) [263]. User-defined subroutines were compiled using Microsoft 

Visual Studio Professional 2017 Version 15.0 and Intel Visual Fortran 2019.3.203 

compilers. 

In order to provide a better understanding of the steps which are necessary for nonlinear 

materiel modeling, the basic concept of Newton-Raphson iteration is briefly introduced. 

Generally, in any FE method the following equation is solved for each element [264]: 

[𝐾]{𝑈} = {𝑅} (4-18) 

This equation describes the equilibrium for a linear static analysis, were [𝐾] is the stiff-

ness matrix, {𝑈} is the displacement vector and {𝑅} is the vector of forces acting in the 

direction of the displacements. However, finding an equilibrium state becomes more 

complex if the relation between displacements and applied forces are nonlinear. A non-

linear analysis becomes necessary if: 

• Displacements are large and the volume change of the element cannot be ne-

glected

• The material shows a nonlinear elastic behavior

• Boundary conditions are not constant during the response (e.g. change of contact

status)

In the present case, the stiffness of the material is a function of strain and time (see Eq. 

(4-5) and (4-7)). Thus, Eq. (4-18) cannot be solved for a given applied force, because 

the stiffness can only be calculated for a known displacement and vice versa. Neverthe-

less, there must be an equilibrium state for the applied load. It is assumed that in the 

equilibrium, the external loads 𝑅 equal the internal forces 𝐹 corresponding to stresses 

inside the element. The force equilibrium at the time 𝑡 + ∆𝑡 can be written as [264]: 

{𝑅𝑡+∆𝑡} − {𝐹𝑡+∆𝑡} = 0  (4-19) 
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It is assumed that forces and displacements at time 𝑡 are known. The force is increased 

by the increment ∆𝐹 [264]: 

{𝐹𝑡+∆𝑡} = {𝐹𝑡} + {∆𝐹} (4-20) 

The tangent stiffness matrix [𝐾𝑡], which describes the stress strain relation of the mate-

rial at time 𝑡 is defined as follows: 

[𝐾𝑡] =
{∆𝐹}

{∆𝑈}
(4-21) 

With [𝐾𝑡], Eq. (4-19) can be rewritten as [264]:

{𝑅𝑡+∆𝑡} − {𝐹𝑡} − [𝐾𝑡]{∆𝑈} = 0 (4-22) 

This formulation is only an approximation because it calculates the material response 

for the applied load {𝑅𝑡+∆𝑡} with the tangent stiffness of the previous time step. The

exact solution of this problem with stiffness [𝐾𝑡+∆𝑡] can be found with iterative methods.

The following equations can be solved with Newton-Raphson iteration [264]: 

{𝑅𝑡+∆𝑡} − {𝐹𝑡+∆𝑡
𝑖−1 } − [𝐾𝑡+∆𝑡

𝑖−1 ]{∆𝑈𝑖} = 0 (4-23) 

{𝑈𝑡+∆𝑡
𝑖 } = {𝑈𝑡+∆𝑡

𝑖−1 } + {∆𝑈𝑖} (4-24) 

Where 𝑖 denotes the iteration number. Following initial conditions are used for the first 

iteration 𝑖 = 0 [264]: 

• {𝑈𝑡+∆𝑡
0 } = {𝑈𝑡}

• {𝐾𝑡+∆𝑡
0 } = {𝐾𝑡}

• {𝐹𝑡+∆𝑡
0 } = {𝐹𝑡}

In order to converge quickly, it is crucial to find a consistent definition of the tangent 

stiffness matrix, also known as Jacobian matrix. A poor definition of the Jacobian matrix 

would result in a simulation which does not converge. For the viscous exp model, the 

Jacobian matrix was defined according to the model from Kaliske et al. [195]. Incorpo-

rating the nonlinear stiffness from Eq. (4-7) leads to the following representation of the 

tangent stiffness matrix: 

{𝐾𝑡} = 𝐸0 + ∑ (𝐸𝑗,𝑡+∆𝑡 − 𝐸𝑗,𝑡𝑒𝑥𝑝 (−
∆𝑡

𝜏𝑗
))

𝜏𝑗

∆𝑡

𝑚

𝑗=1

(4-25) 

With the Jacobian matrix defined, the material model can be implemented in a user-

defined material subroutine. This code is executed by the solver for every element in 

each time step. Using the Jacobian matrix at the end of the subroutine, the solver will 
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try to find a stable solution and return strains and stresses at the equilibrium for each 

time step.  

The process flow of the code which was implemented in Fortran is shown in Fig. 4-12. 

The solver passes strains, strain increments and state variables to the subroutine in the 

respective element coordinate system. [265]. The code begins with an initialization of 

variables, such as the initial FVC and the model parameters given in Tab. 4-2. After-

wards, the strain rate is calculated from the strain increment provided by the solver and 

the current FVC can derived from Eq. (4-17). Using the total strain provided by the 

solver, the elastic branch strains are calculated by applying Eq. (4-8). With all strains 

known, the stresses in the branches can be computed with Eq. (4-3). However, the stress 

stored in the free spring 𝐸0 is calculated with Eq. (4-5) using the total strain derived from 

the solver. Summing up the branch stresses and the stress in the spring 𝐸0 gives the total 

stress according to Eq (4-4). The corresponding entry in the Jacobian matrix is computed 

from current and previous time step stiffnesses using the definition from (4-25). At the 

end, the subroutine provides the updated stresses in the element coordinate system, the 

Jacobian matrix and the updated state variables back to the solver [265]. The Fortran 

code of the user material subroutine can be found in Appendix c. 

Fig. 4-12: Flow chart for the computation of stresses in the user-defined material model for 

one-dimensional compaction model. 
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In order to test the subroutine, simulations were conducted using a 1D bar meshed with 

a single LINK180 element. The model was set up in ANSYS Mechanical APDL with a 

length corresponding to the initial thickness of the test samples. The cross-sectional area 

of the bar element was set to the size of the specimens. Thus, the model response can 

directly be compared with experimental data. One node was fully constrained, and a 

displacement or force boundary condition was applied to the second node. Tab. 4-4 gives 

an overview of the simulation parameters used for the one-dimensional simulations. 

Before the FE model was used to compute force-controlled setups, it was applied to 

displacement-controlled simulations. Because displacement-controlled setups can also 

be calculated analytically with the Python script used for the model calibration in Section 

4.3, the comparison shows if the numerical method provides correct results. The Fig. 

4-13 clearly shows that the numerical solution implemented in the FE element code pro-

vides the same stress response for all configurations. Thus, the numerical method can be

applied to validate the model for force-controlled setups in the following section.

Fig. 4-13: Comparison of analytical and numerical solution for displacement-controlled experi-

ments with the woven fabric. 
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Tab. 4-4: Settings for the one-dimensional simulation model. 

Parameter Value 

Element type Link180 

Element length  7.6 mm 

Element cross section 10 000 mm² 

Initial FVC 0.3345 

Damping 0.0 

4.5 Application of the viscous exp model to 

force-controlled setups 

The content of this section is partly derived from the preprint of [P1]. 

The force-controlled setups were calculated in ANSYS Mechanical using the user-de-

fined subroutine presented in Section 4.4. Fig. 4-14a shows the results of the numerical 

one-dimensional simulation and the experimental results of the force-controlled experi-

ments at a 100 N/s compaction rate of the weave material. The numerical simulation 

predicts the behavior in the three phases of compaction, creeping, and spring-back very 

well. The compression in the first phase was in good agreement with the experiment and 

was only slightly over-estimated. The model also showed the creep of the material at a 

constant force, where the slope of the curve was less than the experimental one. How-

ever, the thickness at the end of the creep phase differed by 4.8% from the experiments. 

Moreover, the simulation predicted the spring-back of the material when the force was 

released. Although there was a difference in the increase of qualitative thickness, the 

final thickness was predicted very well, with a difference of 3.0% from the experimental 

value. 

Fig. 4-14b compares the numerical simulation with the force-controlled experiments of 

the weave at a 250 N/s compaction rate. As for the slower compaction rate, the three 

phases of the experiment can be seen. During the compaction, the predicted behavior 

agreed very well with the experimental results. The modeled creeping showed slightly 

higher displacements than the experimental data, with a deviation of 3.1% of the thick-

ness at the end of this phase. Similar to the slower compaction, the spring-back showed 

the most significant difference in qualitative behavior. However, the difference in the 

final thickness compared to the experiments was 6.5%. For both tested configurations, 

the modeled thickness differed by between 3.0% and 6.5% from the experiments at the 

end of the creep and the spring-back. This model thus provides a powerful tool for pre-

dicting the thickness of preforms in force-controlled setups. 
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Fig. 4-14: Experimental data for force-controlled experiments, including minimum and maxi-

mum scatter area and results of the model of the weave material: (a) slow compaction; 

(b) fast compaction.

Fig. 4-15a compares the modeled displacement response of the NCF with experimental 

data for the force-controlled configuration at a low force rate. The modeled compression 

phase was in excellent agreement with the experimental data. The following creep phase 

at a constant compaction pressure showed small deviations from the experiment, with a 

difference of 0.7% of the maximum displacement. The modeled thickness slightly de-

creases at constant force, but not as much as in the experiments. The predicted spring-

back was significantly lower than the one observed in the tests. The experiment showed 

a spring-back to 1.9 mm when the force was released, whereas the model showed a 

spring-back to only 2.2 mm. 

Fig. 4-15b shows the comparison of experimental and modeled data of the high force 

rate configuration of the NCF material. The observations from the comparison were very 

similar to the slower compaction. A good agreement during the compaction was fol-

lowed by some deviations in the creep phase and significant differences for the spring-

back. The differences can be explained by the deviations of the displacement-controlled 

configuration NCF_0.60_2, because the preforms were compacted to approximately 

59% FVC in the force-controlled setups. The comparison of NCF_0.60_2 in Fig. 4-11 

shows a very fast stress relaxation at the beginning and almost negligible time-dependent 

behavior of the model towards later times. The same behavior can be seen in Fig. 4-15, 

where the thickness decreases too quickly at the beginning of the creep phase and shows 

too little time-dependent behavior during the further creep and the spring-back. 
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Fig. 4-15: Experimental data for force-controlled experiments, including minimum and maxi-

mum scatter area and results of the model of the NCF material: (a) slow compaction; 

(b) fast compaction.

Fig. 4-16 provides a comparison of the simulation results for the displacement-con-

trolled and force-controlled experiments with the weave material. In Fig. 4-16a, the 

thickness reduction is compared for both setups. The dashed line shows the displacement 

boundary condition of configuration WV_0.60-2, whereas the continuous line is the sim-

ulation result of the force-controlled experiment at a 100 N/s compaction rate. The force-

controlled curve shows a steeper slope at the beginning and slowly flattens until reaching 

a plateau after about 200 s. However, both curves converge to the same displacement 

value. The final thickness is the same for the displacement-controlled and the force-

controlled setups. Thus, according to Eq. (3-1), the final FVC is equal. Fig. 4-16b com-

pares the stresses in thickness direction over time for both configurations. The dashed 

line is the resulting stress from the numerical simulation of configuration WV_0.60-2 

and the continuous line is the stress boundary condition of the force-controlled simula-

tion. The final stress at 700 s was almost equal, with -1.0 MPa for force-controlled and 

-0.98 MPa for displacement-controlled, respectively. The peak stress was at 101 s,

whereas the constant stress of the force-controlled configuration was reached at 100 s.

The peak stress of the displacement-controlled configuration was more than doubled,

with a value of -2.1 MPa. Thus, the resulting peak stress can be reduced by 50% with

slightly changing the evolution of the strain. In an RTM process, the challenge is to

know the force which is necessary to achieve the desired FVC. As a result, the model

developed in this work facilitates to design the process for minimizing peaks in tooling

forces. It is possible either to design a force control or to adjust the displacement curve

in order to avoid high peaks. This allows the use of a smaller press in the RTM process.
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Fig. 4-16: Comparison of displacement (a) and stress (b) for displacement-controlled and force-

controlled simulations of the weave material. 

4.6 Discussion and conclusion of the 1D model 

The content of this section is partly derived from the preprint of [P1]. 

A novel formulation of a viscoelastic material model was developed describing compac-

tion and relaxation in a single set of formulas. As a result, the model can be used for 

non-constant strain rates or force-controlled setups with a smooth transition between the 

two phases. The necessary number of branches in the model was defined using the re-

sults of a parameter study. Very good agreement between the model stress response and 

the experimental tests for the two tested materials was obtained. By means of implemen-

tation into an FE code, the model can be applied to force boundary conditions. The com-

pression, including creep and spring-back, could be predicted satisfactorily. None of the 

known material models from the literature has been applied and validated for the pre-

diction of creeping and spring-back behavior. However, the model prediction of the 

spring-back was more accurate for the weave than for the NCF material. The deviation 

can partly be explained with comparably high velocities, especially during the compac-

tion phase with the higher force rate. The maximum compaction velocity for the weave 

appearing at the beginning of the force-controlled compaction is 22.4 mm/min, whereas 

the maximum velocity is 27.8 mm/min for the NCF. Because the model has only been 

validated for velocities of up to 5 mm/min, there might be a deviation for higher com-

paction speeds. 

In addition to calculating the preform thickness, this method can also be applied to re-

duce tooling forces in RTM processes. It was demonstrated that the peak compression 
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stress could be eliminated for the characterized material. The maximum stress for 

achieving the same final FVC was able to be reduced by 50% in the same process dura-

tion. This example clearly demonstrates the capabilities of the developed material 

model. Most of the existing models reviewed in Section 2.3 divide between the compac-

tion and relaxation phase, requiring the ramp time between the phases to be known. In 

the case of the force-controlled setup, Fig. 4-16a shows a smooth transition between 

compaction and relaxation, thus making it impossible to define the beginning of relaxa-

tion. It can be assumed that stresses are relaxing at small strain rates which cannot be 

described by most of the models found in the literature. 

The model was validated for two materials with very different compaction and relaxa-

tion behaviors. Together with the results of the parameter study, there is evidence to 

suggest that the model can be applied to a variety of fibrous preforms showing viscoe-

lastic behavior. With the development of a compaction formula and its implementation 

in a FE code, research question 2 raised in Section 2.5 is fully answered.  
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5 Extension to a three-dimensional 

compaction process simulation model 

A novel compaction material model was developed in Section 4.1 and implemented in 

a user-defined subroutine in Section 4.4. However, this methodology is limited to the 

prediction of the compaction response for flat geometries. To be applied for non-planar 

compaction cases, the model needs to be extended to include further deformation modes. 

The model extension focuses on the implementation of an out-of-plane shear model and 

the in-plane tensile and compression stiffness in a 3D solid element. Moreover, the fric-

tional behavior between the preform and the tool is included in the contact definition. 

The applicability of the three-dimensional model is verified in two steps, single element 

tests and flat compaction tests with combined load cases. Afterwards, the model is cali-

brated and then validated with non-planar compaction experiments from Section 3.5. 

The fully validated model is used to perform a parameter study of geometric dimensions 

of the tool and the preform, for instance tool radius or preform thickness. From the 

knowledge gained, guidelines for the design of compaction processes are derived. At the 

end of this chapter, process-related, material-related and geometry-related guidelines are 

presented. 

Because the material or element coordinate system may vary from the global coordinate 

system in non-planar cases, the following definition will be used throughout the follow-

ing work: 

Global coordinate system: 

• x: Plane of the press 

• y: Plane of the press 

• z: Tool closing direction 

Local or element orientation coordinate system: 

• 1: Fiber direction 1 

• 2: Orthogonal to 1, in-plane (fiber direction 2) 

• 3: Preform thickness direction 
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5.1 Implementation of a three-dimensional 

orthotropic material model 

The content of this section has partly been published on the SAMPE Europe 2022 Con-

ference [C5]. Fig. 5-1 shows the main deformation modes of a preform on macro-scale 

which have been considered by previous works [61,69,71,72]. Due to the orthotropic 

characteristic of the fibrous material, each deformation is described with a different stiff-

ness. This stiffness can be dependent on the time, the FVC or both. The compaction in 

thickness direction has already been implemented in the user-defined material subrou-

tine in Section 4.4. Moreover, the literature review showed that the out-of-plane shear 

deformation has a major impact on the non-planar compaction response. Thus, the ma-

terial behavior observed in the experiments in Section 3.3 is added to the subroutine. 

Furthermore, the in-plane deformation modes elongation and extension are considered 

for the extension to a three-dimensional model. Because this work focuses on compac-

tion cases where in-plane shear is not expected, this behavior is only discussed briefly.  

The utilization of a user-defined material subroutine allows defining and implementing 

deformation modes independently. The stress-strain relation of an orthotropic material 

is defined by the following compliance matrix [266]: 

(5-1) 

The strains 𝜀4, 𝜀5 and 𝜀6 denote shear strains and 𝜎4, 𝜎5 and 𝜎6 shear stresses respec-

tively. This notation is chosen in order to be consistent with the subroutine in Appen-

dix c. Each deformation mode shown in Fig. 5-1 corresponds to one or two entries on 

the diagonal of the compliance matrix. Entries outside of the diagonal indicate coupling 

factors between the deformation modes. Due to symmetry planes shown in Fig. 5-2, 

most of the coupling factors are zero. The only remaining coupling factors are the in-

plane Poisson’s ratio and the two out-of-plane Poisson’s ratios.  
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Fig. 5-1: Main deformation modes of a preform on macroscopic scale. 

Fig. 5-2: Material symmetry planes for an orthotropic material (adapted from [170]). 

The application of Eq. (5-1) in a three-dimensional user-subroutine facilitates to define 

each entry of the stiffness or compliance matrix respectively independently. The imple-

mentation of the viscoelastic model from Section 4.4 can directly be used for the 𝐸33 

entry. Some assumptions are made here to simplify the model. These have to be recon-

sidered if the material or preform layup changes. Because all manufactured preforms 

have a balanced layup with a midplane-symmetry, it is assumed that 𝐸11 = 𝐸22 and 𝐸44 

= 𝐸55. This assumption is only valid, if the fiber directions remain orthogonal in each 

element. For cases with significant in-plane shear, the reorientation of fibers has to be 

considered. Moreover, the Poisson’s ratios 𝜈12, 𝜈13 and 𝜈23 in Eq. (5-1) are set to zero. 

With these assumptions Eq. (5-1) reduces to: 
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 (5-2) 

The in-plane extension and compression are assumed to be dependent on the FVC ac-

cording to Eq. (2-3). For this purpose, the fiber stiffness 𝐸𝑓 = 240 𝐺𝑃𝑎 is taken from 

the data sheet [267]. Because fibers and fiber bundles tend to bend under compression, 

it is expected that the in-plane compression stiffness is significantly lower than the ten-

sile stiffness. Hence, an in-plane stiffness reduction factor 𝑓𝐸11
for cases with negative

strain is introduced. Thus, the description of the in-plane stiffness 𝐸11 can be written as 

follows: 

𝐸11 = {
 𝑉𝑓1 ∙ 𝐸𝑓  , 𝜀1 ≥ 0 

𝑓𝐸11
∙ 𝑉𝑓1 ∙ 𝐸𝑓  , 𝜀1 < 0

(5-3) 

It is important to state that  𝑉𝑓1 represents the FVC in direction 1 and is assumed to be 

50% of the global FVC for the modelled cases. A parameter study of in-plane stiffness 

reduction factor 𝑓𝐸11
is performed in Section 5.4, because this property has not been char-

acterized. The results of this study are used to understand the influence of this parameter 

on the material response and to calibrate the model.  

The out-of-plane shear behavior is considered with the FVC dependent bilinear model 

presented in Section 3.3. The shear stiffness values are taken from Tab. 3-4 and imple-

mented with a look-up table using linear interpolation between the measured FVC levels. 

Horizontal extrapolation was chosen in order to avoid extremely high or low stiffness 

values if the FVC exceeds the range from 0.45 to 0.60. In dependency of the FVC, the 

code checks if the current shear strain is below or above the interception of the two linear 

sections. The shear at which the stiffness changes needs to be provided in radiant in the 

code.  

Negligible in-plane shear is expected, because only  ° and 9 ° layers are considered and 

the tested geometry shows only single curvature. Because no literature value for in-plane 

shear of a preform with activated binder could be found, the relation for in-plane isotropy 
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is applied. All entries of the compliance matrix according to Eq. (5-1) are summarized 

in Tab. 5-1. 

Tab. 5-1: Definition of the entries of the orthogonal compliance matrix for the compaction ma-

terial model. 

Parameter Value 

𝐸11, 𝐸22 Eq. (5-3)  

𝐸33 Viscoelastic model (model parameters from Tab. 4-2 ) 

𝐸44, 𝐸55 Bilinear model (model parameters from Tab. 3-4) 

𝐸66 𝐸11 2(1 − 𝜈12)⁄  

𝜈12, 𝜈13, 𝜈23 0.0 

The subroutine from Section 4.4 is extended to a three-dimensional case with three nor-

mal deformation modes (indicated with subscripts 𝑗 =  1 … 3) and three shear defor-

mation modes (indicated with subscripts 𝑗 =  4 … 5). Thus, strains and stresses are de-

noted as vectors with six entries, whereas stiffness matrix and Jacobian matrix have the 

dimension 6 × 6. Relevant variables used in the subroutine are: 

• Time: 𝑡 

• Current time increment: Δ𝑡 

• Strain: 𝜖𝑗,𝑡+Δ𝑡 

• Strain increment: 𝜕𝜖𝑗,𝑡+Δ𝑡 

• Stress: 𝜎𝑗,𝑡+Δ𝑡 

• Stiffness matrix: 𝐾𝑖,𝑗,𝑡+Δ𝑡 

• Jacobian matrix: 𝐽𝑖,𝑗,𝑡+Δ𝑡 

For all deformation modes except the compaction in thickness direction, the Jacobian 

matrix equals the stiffness matrix, because it is constant over time. Thus, the Jacobian 

matrix can be written as follows: 

𝐽𝑖,𝑗 =  𝐾𝑖,𝑗  𝑓𝑜𝑟 𝑖, 𝑗 ∈ {1,2,4,5,6} (5-4) 

The stress is updated at the end of the time increment using the following linear depend-

ency: 

𝜎𝑖
𝑛+1 =  𝜎𝑖

𝑛 + 𝐾𝑖,𝑗𝜕𝜖𝑗
𝑛  𝑓𝑜𝑟 𝑖, 𝑗 ∈ {1,2,4,5,6} (5-5) 

Furthermore, the frictional behavior characterized in Section 3.4 is considered in the 

contact definition and is discussed more in detail in Section 5.3. 
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5.2 Model verification with planar test cases 

Applying the model to flat test geometries allows to separate the individual deformation 

modes and thus, to verify interactions between them. Moreover, the characterization ex-

periments in Chapter 3 can be modeled in order to calibrate the model if necessary. The 

model is applied to single-element tests before it is utilized for more complex multi-

element simulations.  

5.2.1 Single element tests 

The intention of these simple tests is to validate if the model shows the expected behav-

ior for various load cases. For this purpose, a cube with 10 mm edge length is meshed 

with a single SOLID185 linear brick element. The element is oriented to have the direc-

tions 1 and 2 in-plane parallel to the fibers and the 3-direction indicating the thickness. 

The deformations were enforced by displacement boundary conditions on the surfaces. 

The corresponding surfaces were displaced by 5 mm in 50 s time. In order to verify 

relaxation effects, the position was held constant for another 20 s. The initial FVC was 

set to 0.33 for cases with compaction, whereas the remaining cases had a constant value 

of 0.5. 

In a first series of tests, single deformation modes as depicted in Fig. 5-1 were applied 

to the element. Fig. 5-3 shows the stress responses for pure tension in-plane, compaction 

in thickness direction and out-of-plane shear. Material responses in the other directions 

are also plotted, in order to verify if stresses occur because of coupling effects. The stress 

response due to in-plane tension in Fig. 5-3a shows the expected behavior. Because of 

constant stiffness, the stress 𝜎1 shows a linear increase during the extension, followed 

by stress stagnation. Because the Poisson’s ratios 𝜈13 and 𝜈15 were set to zero, no 

stresses are induced in thickness and out-of-plane shear direction. During the compac-

tion in 3-direction (see Fig. 5-3b), the stress 𝜎3 shows the expected viscoelastic behavior 

with an exponential increase followed by stress relaxation during the holding phase. No 

stresses are induced in the other directions. Fig. 5-3c shows the stress responses of the 

single element subjected to pure shear. The shear stress 𝜎13 shows a linear section at the 

beginning with high stiffness, followed by another linear section with lower stiffness. 

This correlates with the bilinear behavior implemented in Section 5.1, which reduces the 

stiffness after a defined shear strain. As with the previous deformation modes, no 

stresses occur in the other material directions.  
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Fig. 5-3: Stress response of a single element under different loading conditions: (a) pure tension 

in 1-direction; (b) pure compression in 3-direction; (c) pure shear in 13-direction. 

After the single deformation mode tests, the element is subjected to combined load cases. 

These tests ensure that in-plane extension and out-of-plane shear show the desired FVC 

dependency without affecting further material responses. First, the single element is ex-

tended in-plane while it is compacted in thickness direction. Two interesting observa-

tions can be made from the stress responses in Fig. 5-4a. On the one hand, the stress 𝜎1 

shows an exponential increase due to the simultaneous compaction. This behavior can 

be explained with the FVC dependency, which leads to an increase of the in-plane stiff-

ness. On the other hand, the compaction stress response is not affected by the simulta-

neous in-plane deformation. The progression of 𝜎3 is the same as for the pure compac-

tion case in Fig. 5-3b. Fig. 5-4b shows the stress response of a combined compaction 

and out-of-plane shear load. Contrary to the pure shear test in Fig. 5-3c, the stress re-

sponse is not bilinear anymore. The simultaneous FVC increase leads to an increase of 

the shear stiffness because of the linear interpolation implemented in Section 5.1. 
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Nevertheless, the 𝜎13 stress shows the implemented kink followed by a reduced slope 

from the bilinear model. As with the single deformation, the compaction stress response 

is not affected by the shearing of the material. At last, the combination of extension and 

out-of-plane shear stress is analyzed. Contrary to the previous cases, the displacements 

cannot be defined on the surfaces because the model would be over-constrained. How-

ever, applying displacements to the edges leads to a combined extension-shear defor-

mation. Two opposing edges have a displacement of 5 mm in 1-direction, while the other 

two have 0 mm and 10 mm displacement respectively. As expected, the deformations 

are independent. Both stress responses are the same as for the single deformation tests 

in Fig. 5-3a and Fig. 5-3c. 

Fig. 5-4: Stress response of a single element under different loading conditions: (a) tension in 

1-direction and compression in 3-direction; (b) compression in 3-direction and shear

in 13-direction; (c) tension in 1-direction and shear in 13-direction.
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From the single element tests, it can be concluded that the material shows a reasonable 

behavior for various load cases. The single deformation cases demonstrated that the ma-

terial answers with the expected stress responses without inducing stresses in other di-

rections. The combined deformation cases showed that the material answers with the 

desired FVC dependencies for in-plane tension and out-of-plane shear. It is important to 

note that the real behavior for combined loading scenarios is unknown, because the cou-

pling and interaction of different deformation modes is very challenging to characterize. 

The intention of these tests was to show if the material behaves as expected under the 

assumptions made.  

5.2.2 Model validation with planar geometries 

After the qualitative model verification, the three-dimensional model is used for a quan-

titative validation. For this purpose, the experimental tests in Chapter 3 are modeled with 

the correct specimen dimensions and results are compared to the test data. Because the 

compaction model was already validated in Section 4.3, the focus in this subsection is 

on the correct representation of the out-of-plane shear and the frictional behavior.  

5.2.2.1 Calibration of the out-of-plane shear model 

In order to validate the FVC dependent bilinear out-of-plane shear model, the experi-

mental configurations in Tab. 3-3 were modeled in ANSYS Mechanical. Contrary to the 

experiments, only a single specimen with 90 mm x 40 mm in-plane dimensions and var-

ying thickness according to Tab. 3-3 was modeled. The specimens were meshed with 

SOLID185 linear brick elements with 2.5 mm in-plane size and two elements over the 

thickness. Fig. 5-5 shows the mesh including the material orientation of the HV_45 con-

figuration. For the planar models, the material is oriented parallel to the global coordi-

nate system, with the in-plane-directions 1 and 2 in global x- and y- direction.  

Fig. 5-5: Preform model of the out-of-plane shear simulation model with FVC 0.45 showing the 

material orientation (1-direction: red, 2-direction: green, 3-direction: blue). 

The boundary conditions are directly applied to the corresponding surfaces of the spec-

imen without modeling the surrounding tool. All translational degrees of freedom were 

locked on the bottom side of the specimen. A constant velocity of 1 mm/min in global 

x-direction was applied to the top side of the model. The calculation was run with a



118 Extension to a three-dimensional compaction process simulation model 

constant time step of 0.1 s for 170 s simulation time. The reaction force in x-direction of 

the boundary condition on top of the specimen was used for the evaluation of the simu-

lation results. 

Because only a single specimen was simulated, the reaction force needed to be multi-

plied by a factor of two in order to validate with the experimental data. Fig. 5-6 compares 

the simulation results with the bilinear model and the experimental results for the tested 

FVC levels. It can be seen that the simulation matches the material input extremely well 

for all configurations. At the transition to the lower stiffness, the simulation does not 

show a sharp kink as the model does. This can be explained with not all elements being 

subjected to the exact same shear deformation. Thus, some elements jump to lower stiff-

ness one time step earlier or later than the others. Apart from the transition zone, the 

simulation results are located well inside the scatter area of the experimental measure-

ments. Hence, the shear model can be used for more complex simulation models.  

Fig. 5-6: Comparison of simulation results with the bilinear model and experimental results 

for varying FVC: (a) 0.45; (b) 0.45; (c) 0.45 and (d) 0.45. 
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5.2.2.2 Validation of the tool-preform frictional behavior 

A simple model was created for the validation of the frictional behavior between the tool 

and preform surface in ANSYS Mechanical together with Geschwandtner [S15]. The 

virtual model of the friction characterization test in Section 3.4 consists of one body 

representing the tool surface and a second body for the sled. The model setup at the 

beginning of the experiment is shown in Fig. 5-7, where the sled will be moved in posi-

tive x-direction. Because the material of the bodies is not relevant if only friction is 

tested, a standard steel material was assigned to them. Both bodies were meshed with an 

edge length of 5 mm using SOLID185 brick elements. All translational degrees of free-

dom were locked for the tool. A constant velocity of 1 mm/min in positive x-direction 

was applied to the preform while the translational degree of freedom in y-direction was 

locked. Additionally, a constant force of 85 N in negative z-direction was applied to the 

preform corresponding to the maximum weight in the friction experiments. The friction 

coefficient of 0.1 was defined in the interface definition. For this purpose, a frictional 

contact with symmetric behavior and small sliding option switched off was chosen. For 

all remaining contact settings, default options were kept. Contact definition is discussed 

more in detail for the non-planar compaction simulations in Section 5.3. The simulation 

ran for 12 s leading to a total displacement of the preform of 0.2 mm. 

Fig. 5-7: Simulation model of the friction characterization experiment. 

The reaction force in x-direction of the displacement boundary condition applied to the 

preform was used for the results analysis. Fig. 5-8 shows the evolution of the contact 

status and the friction force over time. As intended, the constant contact status (0: far-

field, 1: near-field, 2: sliding and 3: sticking) of 2 indicates a sliding contact between the 

two surfaces over the whole duration of the simulation. The reaction in x-direction which 

equals the tangential friction force shows a constant value of 8.5 N. 

According to Eq. (2-1), the friction coefficient of the virtual experiment can be calcu-

lated to 0.1. Thus, it can be stated that the behavior of the tool-preform interface provided 

correct results and can be applied to further cases.  
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Fig. 5-8: Contact status and reaction force in x-direction of the virtual friction experiment. 

5.2.2.3 Planar compaction with combined shear and frictional 

behavior 

This planar loading scenario was chosen in order to analyze the behavior of a preform 

which is subjected to compaction and out-of-plane shear loads. Because the shear is 

introduced by a tool displacement, the tool-preform interface shows sliding behavior 

with friction. Contrary to a non-planar compaction case, the individual load cases can 

be analyzed separately before the model is applied to an angled geometry in Section 5.3. 

The simulation model consists of three parts, a lower tool, the preform and an upper tool, 

with standard steel material assigned to the tools. The setup consisting of two flat plates 

and a preform in blue is illustrated in Fig. 5-9a. The interfaces were defined as frictional 

contacts with a friction coefficient of 0.1. A symmetrical behavior with normal Lagrange 

formulation and nodal-normal from contact detection method was applied to the inter-

face. Small sliding option was turned off and stabilization damping factor was set to zero 

in the contact settings. Linear eight-nodes brick elements (SOLID185) with reduced in-

tegration were used for the meshing of the preform and the tools. The preform material 

was oriented in a way that the 3-direction represents the thickness in global z-direction 

and 1- and 2- direction are parallel to the in-plane dimensions of the preform.  

All degrees of freedom were locked for the lower tool, whereas the upper tool was used 

for load introduction into the preform. The material is compacted first and then sheared 

with displacements of the upper plate given in Fig. 5-9b. The compaction with 

2 mm/min to a final thickness of 4.62 mm corresponds to the experimental configuration 

WV_0.55-2 in Tab. 3-1. The following shearing at FVC 0.55 with 1 mm/m corresponds 

to the configuration HV_55 in Tab. 3-3. Direct solver with zero damping was selected 

in the solver settings. An advantage of the user-defined material which is applied to the 

preform is that the FVC is calculated and stored in a user-variable automatically for each 

time step. Thus, the FVC can be visualized with a user-defined result. 
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Fig. 5-9: Simulation of a planar compaction case: (a) model setup; (b) displacement boundary 

conditions. 

The material response in thickness direction can be seen in Fig. 5-10a, showing an ex-

ponential increase of the FVC until the vertical position of the upper plate is held con-

stant. During the compression phase, the compaction stress increases exponentially fol-

lowed by stress relaxation during the holding phase. As expected, the curve is exactly 

the same as the numerically predicted 0.55-2 curve in Fig. 4-13. This behavior equals 

pure compression experiments and thus, shows that the compaction is not influenced by 

the shear load as implemented.  

The evolution of the contact status (0: far-field, 1: near-field, 2: sliding and 3: sticking) 

and the out-of-plane shear stress are shown in Fig. 5-10b. The evolution over time re-

veals that the contact surfaces are initially sticking and switch to sliding during the hor-

izontal movement of the upper plate. Due to the out-of-plane shear to in-plane-extension 

coupling being defined as zero, the shear stress remains zero during the compaction. 

When the plate moves horizontally, the shear stress shows a linear increase followed by 

a linear increase with smaller stiffness. This behavior corresponds to the bilinear out-of-

plane shear model. Once the maximum tangential contact force defined by the friction 

coefficient is reached, the surfaces are sliding. With a friction coefficient of  . , the slid-

ing begins exactly when the shear stress is 10% of the compression stress. This results 

in a decrease of the shear stress converging to a constant value. With the sliding begin-

ning after the transition point to lower out-of-plane shear stiffness, the importance of the 

bilinear model becomes obvious. 
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Fig. 5-10: Results of the planar compaction simulation with combined loads: (a) FVC and stress 

response in thickness direction; (b) contact status and shear stress response. 

5.3 Model setup of the non-planar compaction 

case 

The model depicted in Fig. 5-11 consists of three parts, a lower tool, an upper tool and 

a preform in between. The tool geometries are imported as step files generated in the 

CAD environment CATIA. The preform geometry is modeled in the ANSYS built-in 

CAD tool DesignModeler by extruding the lower tool surface and trimming the side 

faces. A standard structural steel material from the database with a Young’s modulus of 

200 GPa is applied to the tools. The material of the preform is defined by an APDL 

command which calls the user-defined material (see Appendix c). An element orienta-

tion is defined for the preform part in order to have 1- and 2-direction parallel to the 

fiber orientation and 3 in thickness direction (see Fig. 5-11). 

5.3.1 Boundary conditions and contact settings 

Only two boundary conditions are defined for the non-planar compaction simulation, 

one for each tool. All degrees of freedom of the lower tool are constrained, whereas a 

displacement boundary condition in negative z direction is defined for the upper tool. 

The remaining translational degrees of freedom of the upper tool are set to zero.  

The contact settings listed in Tab. 5-2 were found to deliver the best results in terms of 

model robustness and accuracy. Because initial simulation runs showed that the model 

is sensitive to penetration, a symmetric contact was chosen. A normal Lagrange contact 
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formulation was selected, because it enforces zero penetration, contrary to classic pen-

alty-based formulations. This contact provides the highest accuracy and is most suitable 

for material nonlinearities and large sliding [268]. The default option small sliding is 

turned off due to relatively large sliding between the preform and the upper tool. Because 

damping would take energy out of the system and thus affect the compaction response, 

it is important to set the contact stabilization to zero. A program-controlled pinball radius 

proved to be sufficient for the studied cases. However, it might be necessary to increase 

the radius in case the initial gap is larger.  

Fig. 5-11: Model of the non-planar compaction with 3 mm inner radius and 8 mm outer radius 

including element orientation for the preform (1-drection: red, 3-direction: blue).  

Tab. 5-2: Contact settings for the non-planar compaction simulations. 

Parameter Value 

Contact type Frictional 

Friction coefficient 0.1 

Behavior Symmetric 

Formulation Normal Lagrange 

Small sliding Off 

Detection method Nodal-projected normal from contact 

Stabilization damping factor 0 

Pinball radius (for upper tool) Program-controlled 

Interface treatment Adjust to touch 
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5.3.2 Mesh convergence study 

With material, element orientation, contact surfaces and boundary conditions set, the 

mesh size needs to be defined. For this purpose, a mesh convergence study was per-

formed to find the optimum element size. A parametric mesh for the preform shown in 

Fig. 5-12 was chosen, because the present geometry does not allow meshing with uni-

form elements. This method ensures a good mesh quality in the radius due to equal num-

ber of divisions in the inner and outer radius. The initial configuration with design pa-

rameter 𝑛 = 1 corresponds to an average mesh size of approximately 8 mm. For all sub-

sequent configurations, 𝑛 is doubled leading to half the mesh size. The tools were 

meshed with the respective number of divisions in the radius and the same mesh size on 

the flanges to ensure a good contact interface to the preform. 

Fig. 5-12: Parametric mesh for the convergence study of the L-profile, showing 𝒏 = 1. 

The reaction force of the upper tool boundary condition is chosen as response of interest 

for the study. The peak force and the relaxed force after 200 s are compared for different 

mesh sizes. The selected experimental configuration L_3_8_12 has its force maximum 

at the end of the compression after 110.3 s. Depending on the time step size, it cannot 

be assured that a time step is calculated at the exact time of the peak force. Thus, to 

ensure that the maximum stress always appears at the same time for all configurations, 

a constant time step of 0.5 s is selected for this study. 

Fig. 5-13 shows the peak force and the relaxed force after 200 s for varying mesh design 

parameters 𝑛 from 1 to 16. The results reveal a strong mesh dependency for large ele-

ment sizes. However, peak stress and relaxed stress are converging towards larger num-

bers of mesh divisions. There is almost no change of the reaction force from 𝑛 = 8 to 

𝑛 = 16. Consequently, a design parameter of 𝑛 = 8 is chosen for the further course. As-

suming the mesh size in the radius is more crucial for the model response, the in-plane 

mesh size on the flanges is increased to 𝑛 = 4. The through-thickness mesh size is kept 

at 𝑛 = 8 to achieve higher resolution of the results in thickness direction. The increase 

of the in-plane mesh size lead to an increase of the peak force of 0.2% and an increase 
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of the relaxed force of 0.4% compared to the 𝑛 = 8 configuration. However, the total 

number of elements in the model could be reduced by 64%. Consequently, all further 

simulations will be run with the 𝑛 = 8 configuration with increased flange mesh size.  

Fig. 5-13: Convergence of peak force and relaxed force after 200 s for decreasing mesh size of 

the L-shaped preform. 

5.3.3 Adaption of thickness and fiber volume content 

from preforming 

The preform was initially modeled with constant thickness. However, measurements af-

ter preforming in Section 3.5 revealed that the thickness is not uniform due to corner 

thinning. Because the thickness variation also affects the FVC distribution, only adopt-

ing the geometry in the simulation is not sufficient. A pre-compaction simulation step is 

used to achieve the correct thickness in the radius including a locally increased FVC. 

However, there is no direct way of transferring the FVC distribution from the pre-com-

paction step to the final compaction step. Applying two load steps in one simulation 

would add additional unrealistic stresses in the preform and is consequently not suffi-

cient. Hence, the workflow shown in Fig. 5-14 was applied to overcome this issue. 

During draping of the stacked layers, the outermost layer is pulled downwards and com-

presses the layers beneath in the radius. This effect leads to a reduced thickness in the 

radius. In order to recreate this effect in the simulation, the upper short edges on the 

flanges are pulled downwards in a 45° angle. As shown in Fig. 5-15b, the thickness in 

the radius is reduced without affecting the flange thickness. The mesh of the pre-com-

pacted preform can directly be transferred as input geometry to a subsequent simulation, 

whereas no direct transfer of individual results is available. However, it is possible to 

export and import fields between simulation steps. Because strain and stress field are 

reserved with actual results, a temperature field can be used to transfer additional data. 
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Hence, the nodal FVC distribution including node locations after pre-compaction is ex-

ported into a text file. Afterwards, this file can be opened using “External  ata” in AN-

SYS. Node locations and temperature variables are assigned to the respective columns 

of the text file. This information is transferred to the compaction simulation and mapped 

to the preform mesh as initial body temperature.  

Fig. 5-14: Flow-chart for the data transfer from pre-compaction to compaction simulation. 

There are some minor changes necessary in the subroutine to reassign the temperature 

to the FVC. By default, the user material is assigned to defined temperature levels with 

linear interpolation. Knowing that the temperature ranges between 0 and 1, a horizontal 

interpolation can be enforced by assigning the same parameters to 0 and 1 (see APDL 

command in Appendix c). The temperature is mapped to the preform at the end of the 

first time step. Thus, the initial temperature is set to the initial FVC before pre-compac-

tion to avoid steep increase within the first time step. In the material subroutine, the 

temperature derived from the mapping is assigned to the initial FVC. Based on this 

value, the FVC is computed by the subroutine for all following time steps.  

Fig. 5-15 depicts the approach of the two-step compaction simulation showing the FVC 

distribution at different states. The initial state before pre-compaction in Fig. 5-15a 

shows a homogeneous FVC distribution. Pulling the outer edges downwards results in a 

thickness decrease in the radius and consequently higher FVC. The state in Fig. 5-15b 

is mapped to the subsequent compaction simulation as initial body temperature or FVC 

distribution respectively. Fig. 5-15c shows the FVC distribution at the end of the com-

paction of configuration L_3_8_12.  
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Fig. 5-15: FVC distribution during the compaction of an L-shaped preform (configuration 

L_3_8_12): (a) initial state; (b) after pre-compaction; (c) after final compaction. 

5.4 Model calibration 

The analysis of the model response with the method described above revealed that the 

reaction force does not match the force response from the experimental test. The peak 

force of the experimental configuration L_3_10_12 was at 1.8 kN, whereas the simula-

tion showed a peak force of 1.2 kN. The deviation of the relaxed stress showed approx-

imately the same magnitude. Hence, the model needs to be calibrated to the non-planar 

compaction case. In order to be able to adjust the model, it is necessary to identify pos-

sible root causes for the deviation between model and experiment. The following theo-

retical causes for the difference were identified: 

• In-plane compression stiffness: From theoretical considerations, it seems to be

reasonable that fibrous material behaves softer in compression than in extension.

However, the in-plane compression behavior could not be characterized. In Sec-

tion 5.1, a reduction factor 𝑓𝐸11
 was introduced in the model without knowing its

quantity. After analyzing the impact of this parameter on the model response, it

is calibrated to the material behavior observed in the experiments.

• Tool-preform friction: With the friction test setup used in Section 3.4, a maxi-

mum normal pressure of 0.02 MPa could be achieved, whereas a pressure of up

to 2.0 MPa was measured during the compaction experiments. Even if the coef-

ficient of friction has not shown a dependency on the normal pressure in the

experiments, it cannot be excluded that friction increases at a very high pressure.

Consequently, the influence of higher friction values on the compaction response

is investigated.

• Combined shear and compaction: In Section 3.2, the compaction behavior was

characterized independently on the out-of-plane shear. However, it can be as-

sumed that lateral shift due to a shear load affects the compaction behavior.

Based on numerical models, Chen [138] found that the degree of nesting influ-

ences the compaction response. Because this effect is difficult to control in ex-

periments, it has not been characterized. Comparing the nesting configurations

in Fig. 5-16 shows that there is less space for the fiber bundles to deform at max-

imum nesting. This could enforce an earlier yarn compression leading to higher
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compaction forces. A parameter study is used to analyze the effect of increased 

compaction stiffness due to simultaneous shearing. 

• Influence of the preforming process: Despite all efforts, the conditions during

the preforming process for the flat and the curved specimens were not exactly

the same. Compaction time, pressure and temperature were identical, but some

differences originate from the tool geometry. The flat specimens were compacted

between thin metal plates, whereas the angled preforms were compacted with

thick steel tools. This affects the thermal flux from the tool to the preform. More-

over, the flat preforms were produced as large 400 mm x 400 mm plates with a

distance of the heated plates of 7 mm, causing heat accumulation. In contrast,

the angled specimens were manufactured individually with 60 mm x 100 mm in

a comparably open press with approximately 100 mm plate distance. This allows

more convection and thus, less heat accumulation. Mei et al. concluded that a

different binder activation influences the mechanical behavior of the preform

[220]. Varying the compaction stiffness and the out-of-plane shear stiffness al-

lows to quantify the effect on the compaction behavior.

Besides the model calibration, the results of the parameter study were to investigate the 

influence of certain material parameters on the model response. Each material property 

influences the reaction force and the preform deformation in a different way.  

Fig. 5-16: Schematic illustration of nesting. 

5.4.1 Influence of in-plane compression stiffness 

First, the influence of the in-plane compression stiffness on the model response is ana-

lyzed, because this property has not been characterized with experiments. It is assumed 

that the theoretical maximum compression stiffness equals the tensile stiffness according 

to Eq. (2-3). However, because fibers or yarns tend to bend or kink when compressed in 

lateral direction, the compression stiffness can be significantly lower. Thus, an in-plane 

stiffness compression reduction factor was 𝑓𝐸11
 introduced.

Fig. 5-17 shows the FVC distribution after 200 s for varying reduction factors from 1.0 

to 0.001. The comparison reveals that the in-plane compression stiffness has a major 

impact on the model response. On the one hand, high values lead to empty spaces in the 

cavity. A gap near the inner radius appears, resulting from an uplift of the preform during 
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the tool closing. A smaller gap is still visible for a reduction factor of 0.1. Moreover, 

high compression stiffness causes an unrealistic deformation behavior near the upper 

radius of the cavity leading to two smaller gaps near the top. On the other hand, the in-

plane compression stiffness influences the FVC distribution in the radius section. With 

a reduction factor of 0.001, the FVC is nearly homogeneous in the radius, whereas a 

significant gradient appears for a factor of 1.0.  

Fig. 5-17: FVC distribution after stress relaxation for varying in-plane stiffness compression re-

duction factors (1.0, 0.1, 0.01 and 0.001). 

Fig. 5-18a depicts that the in-plane compression stiffness reduction factor has a major 

influence on the force response. For the highest value of 𝑓𝐸11
, the peak force and the

relaxed force are significantly higher. However, for values of 𝑓𝐸11
≤  0.001, the force

response seems to be converging to a single curve. Thus, it can be assumed that the 

reaction force is independent on the in-plane compression stiffness for small 𝑓𝐸11
 values.

Because no gap could be observed in the experiments in Section 3.5, an in-plane stiffness 

compression reduction factor of less than 0.1 must be chosen. In order to determine the 

optimum value of the reduction factor, another parameter is introduced. Even though the 

gap between the preform and the upper mold is closed in all simulations with smaller 

factors, the time at which the gap vanishes is different. The gap closure time is defined 

as the point of time when the upper mold touches the preform in the middle of the radius. 

This time can be evaluated by the contact status change of the top nodes of the preform. 

Thus, small gaps located off-center such as the ones shown in Fig. 5-17 with 𝑓𝐸11
= 1.0

are ignored. Fig. 5-18b compares the closure time for varying in-plane stiffness reduc-

tion factors. With factors 1.0 and 0.1 the gap at the top vanishes comparably late at 

approximately 90 s. A further decrease of the factor leads to an earlier closure of the 

gap. A plateau with minimum closure time is reached between 0.002 and 0.0005 fol-

lowed by higher values for smaller values of 𝑓𝐸11
. It was observed that simulations with

𝑓𝐸11
<  0.001 showed convergence issues, requiring more iterations to find a stable so-

lution.  
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Based on the outcome of this study, an in-plane stiffness compression reduction factor 

of 0.001 is chosen for the following simulations. A final calibration of 𝑓𝐸11
 is conducted

in Subsection 5.4.5 after studying the remaining parameters and their influence on the 

material response. 

Fig. 5-18: Influence of varying in-plane stiffness compression reduction factors 𝒇𝑬𝟏𝟏
: (a) on the

reaction force of the upper tool; (b) on the gap closure time. 

5.4.2 Influence of tool-preform friction 

Fig. 5-19 compares the FVC distribution after stress relaxation for varying friction co-

efficient values 𝜇 from 0.1 to 0.6. For each simulation, the same friction values were 

assigned to the upper tool-preform contact and the lower tool-preform contact. The com-

parison clearly proves that the friction coefficient has a significant influence on the final 

shape of the curved preform. Starting from a friction coefficient of 0.4, a gap remains 

near the outer radius of the cavity. Increasing the friction coefficient further to 0.6 results 

in a more pronounced gap. Moreover, the reduced thickness due to high friction forces 

leads to higher FVC values in the radius.  

The influence of the tool-preform friction on the reaction force response of the upper 

tool is illustrated in Fig. 5-20. The friction coefficient was gradually increased from the 

measured value 0.1 up to 0.6. Further increasing of the friction coefficient lead to unsta-

ble simulations. The study reveals that the friction has a minor influence on the force 

response. Although an increase in force can be observed for high friction values, it is 

small compared to the influence of other parameters. Even the highest value of 0.6 leads 

to a compaction force which does not match the experimental data. Additionally, high 
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friction values cause a gap in the tool, which could not be observed in the experiments. 

Hence, it can be concluded that an uncertainty in the friction measurement is not the 

cause of the deviation between the model and the experimental force response.  

Fig. 5-19: FVC distribution after stress relaxation for varying tool-preform friction coefficients. 

Fig. 5-20: Influence of varying tool-preform friction coefficient values on the reaction force of 

the upper tool. 

5.4.3 Influence of compaction stiffness 

From the force response of the displacement-controlled experiments in Section 3.5, it is 

obvious that the non-planar compaction is strongly dominated by the through-thickness 

behavior. The factor 𝑓𝐸33
 is introduced to scale the compaction stiffness in the material

model. With this factor, the influence of the compaction stiffness on the non-planar 

model response can be analyzed. Fig. 5-21a shows a comparison of the reaction force of 
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the upper tool for different scaling factors. This study reveals that the compaction 

stiffness has a strong influence on the force response. With a factor of 𝑓𝐸33
= 2.0, the 

force response is significantly increased to very high values. However, a factor of 𝑓𝐸33
=

1.6 results in a force response matching the peak force very well. Moreover, the reaction 

force of the model lies within the scatter of the experiments during compression and 

relaxation. 

The variation of the compaction stiffness did not show any effect on the deformation of 

the preform during compaction. Only minor differences in the FVC distribution in the 

radius could be observed. The comparison of the gap closure time in Fig. 5-21b shows 

a slight increase towards later vanishing of the gap for higher compaction stiffnesses. 

Because the time of gap closure increases only by 3% between factors 1.5 and 2.0, it can 

be concluded that the influence is negligible for higher values.  

 

 

Fig. 5-21: Influence of varying compaction stiffness scaling factors 𝒇𝑬𝟑𝟑
: (a) on the reaction 

force of the upper tool; (b) on the gap closure time. 

 

5.4.4 Influence of out-of-plane shear stiffness 

Fig. 5-22a depicts a comparison of varying out-of-plane shear stiffness scaling factors 

𝑓𝐸55
 from 1.0 to 16.0. This parameter study shows that the out-of-plane shear stiffness 

has a major impact on the force response of the model. With a scaling factor of 𝑓𝐸55
=

16.0, the model response almost matches the experiment at the peak. However, the 

model prediction shows deviations during the compaction phase. More significantly, the 

scaling factor of 𝑓𝐸55
= 16.0 results in a model response not being able to relax the 
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stresses to the experimental data, leading to major deviations. Thus, the experimental 

force response cannot be matched by calibrating the out-of-plane shear stiffness.  

The influence of varying out-of-plane shear stiffness scaling factors 𝑓𝐸55
 on the time of

gap closure is depicted in Fig. 5-22b. Compared to the compaction stiffness, the influ-

ence of the out-of-plane shear stiffness on the gap closure time is stronger. The tendency 

towards later gap closure for higher shear stiffness seems to be non-intuitive. Because 

of more shearing of the softer flanges, one would expect that the preform is more pulled 

downwards in the radius. However, a comparison of the z-displacement of the preform 

top node reveals that there is only a minor movement of 0.07 mm prior to tool contact 

in case of 𝑓𝐸55
= 1.0. In comparison, the top node with 𝑓𝐸55

= 16.0 shows a z-displace-

ment of 0.65 mm prior to the initial contact with the upper tool. The greater movement 

of the top node together with less shear strain due to higher shear stiffness leads to higher 

FVC gradients in the material. Moreover, the in-plane compressive strains increase from 

maximum 0.02 with 𝑓𝐸55
= 1.0 by almost a factor of five to 0.10 with 𝑓𝐸55

= 16.0.

Fig. 5-22: Influence of varying out-of plane shear stiffness scaling factors 𝒇𝑬𝟓𝟓
: (a) on the reac-

tion force of the upper tool; (b) on the gap closure time. 

As mentioned above, increasing the out-of-plane shear stiffness decreases the shear de-

formation in the flanges. This relation can be used for further calibration of the model, 

using the shear measurement from pictures described in Section 3.5. Fig. 5-23 compares 

the flange shear angle for varying 𝑓𝐸55
 values with experimental data of configuration

L_3_8_12. The shear angle at the flanges decreases from 20.9° for 𝑓𝐸55
= 1.0 to 6.6° for

𝑓𝐸55
= 16.0. The horizontal experimental line indicates the average shear deformation

of 21° measured from picture overlays. Only an out-of-plane shear stiffness factor of 1.0 
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guarantees a shear deformation which is close to the mean experimental data and inside 

the scatter area. Based on the finding in this subsection, the out-of-plane shear stiffness 

remains unchanged for all following simulations.  

Fig. 5-23: Influence of varying out-of plane shear stiffness scaling factors 𝒇𝑬𝟓𝟓
 on the shear an-

gle at the end of the flange compared to experiments of configuration L_3_8_12. 

5.4.5 Calibration of the in-plane compression stiff-

ness with experimental data 

The study of the influence of the in-plane compression stiffness on the material response 

in Subsection 5.4.1 showed that only values smaller than 0.1 result in a reasonable final 

preform shape. Moreover, the factor 𝑓𝐸11
 had a significant effect on the time of gap clo-

sure. Since the results from the compaction stiffness study in Subsection 5.4.3 suggest a 

factor 𝑓𝐸33
= 1.6, which also influences the gap closure time, a final calibration step of

𝑓𝐸11
is necessary. For this purpose, the study of the influence of the in-plane compression

stiffness is repeated with a constant compaction stiffness factor of 1.6. The result of this 

parameter study with the influence on the force response is depicted in Fig. 5-24a. Con-

sistent with the previous studies, the force signal converges for small values of 𝑓𝐸11
. The

two lower curves with 𝑓𝐸11
= 0.001 and 𝑓𝐸11

= 0.0001 are in very good agreement with

the experimental data.  

The comparison of the gap closure time in Fig. 5-24b shows the same qualitative behav-

ior as in Fig. 5-18b with a higher minimum. The closure times for 𝑓𝐸11
= 0.001 and

𝑓𝐸11
= 0.0005 differ from the experimental value only by one second. In addition, the

force response and the final FVC distribution are nearly identical for both values. Be-

cause lower values of 𝑓𝐸11
 tend to make simulations more unstable, the greater value of

0.001 is chosen for all following calculations.  
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Fig. 5-24: Influence of varying in-plane stiffness compression reduction factors 𝒇𝑬𝟏𝟏
 with in-

creased compaction stiffness 𝒇𝑬𝟑𝟑
= 𝟏. 𝟔: (a) on the reaction force of the upper tool;

(b) on the gap closure time.

5.4.6 Conclusion on the influence of the main material 

properties on the model response 

The in-plane compression stiffness and the friction coefficient have the most significant 

influence on the preform deformation. High values for both properties lead to unrealistic 

preform deformation which did not appear during the experiments. Thus, upper bounds 

can be derived by comparing the deformation to experiments. Based on the results from 

the study, high in-plane compression stiffness and an uncertainty in the friction meas-

urements can be ruled out as main cause for the deviation of the force response. The 

compaction stiffness and the out-of-plane shear stiffness both affect the force response 

without influencing the preform deformation. However, only an increased compaction 

stiffness allows matching the experimental force response, because high shear stiffness 

affects the qualitative force evolution during compaction. Thus, it can be concluded that 

the main cause for the deviation must originate from the compaction stiffness. Never-

theless, the cause for an increased compaction stiffness cannot be identified. The effect 

can be based on combined shear and compaction or a differing preform process. It is 

possible that the out-of-plane shear stiffness needs to be adjusted as well. However, be-

cause the contribution of increased shear cannot be great, this effect is neglected leading 

to a scaling factor of 1.0. The final set of material parameters used for all subsequent 

simulations are summarized in Tab. 5-3. 
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Tab. 5-3: Final material parameters after model calibration. 

Parameter Value 

In-plane compression stiffness reduction factor 𝑓𝐸11
0.001 

Compaction stiffness calibration factor 𝑓𝐸33
1.6 

Out-of-plane shear stiffness calibration factor 𝑓𝐸55
1.0 

Friction coefficient 𝜇 0.1 

5.5 Model validation with non-planar 

compaction experiments 

Simulation models were created for all configurations in Tab. 3-8 using the material 

parameters defined in Tab. 5-3. First, the model response of displacement-controlled 

setups is compared to experimental data. Second, the displacement of the upper tool in 

the simulation model validated with experimental measurements of force-controlled 

tests. This section concludes with a discussion of the capabilities and limitations of the 

three-dimensional compaction model.  

5.5.1 Results of displacement-controlled 

configurations 

Fig. 5-25 compares the reaction force response of the upper tool boundary condition 

with the experimental results of the displacement-controlled non-planar compaction 

tests. The greatest deviation between model and experiment appears for configuration 

L_3_10_16. The difference is small at the beginning of the compaction phase and in-

creases towards higher forces. This leads to an overestimation of the peak force by 17% 

compared to the mean experimental force response. The model shows a strong stress 

relaxation leading to a slight underestimation of the relaxed stress by 12% from experi-

mental data. Nevertheless, the relaxed stress is very close to the scatter area of the ex-

periments. The model responses of configurations L_3_8_12 and L_5_10_12 are almost 

identical, which is in good agreement with observations from the experiments. The 

model predicts the behavior of the material extremely well during compression and re-

laxation. There is only a minor deviation from the mean value at the end of the relaxa-

tion, still being inside the scatter area. The model prediction for configuration L_5_8_8 

is in excellent agreement with experimental data. Especially, the compaction prediction 

is very satisfying with the peak force only being underestimated by 3.7% compared to 

the experimental mean value. During the stress relaxation, the model correlates well with 

the experiments, as indicated by the force response remaining inside the scatter area.  
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Interestingly, the experiments show a different behavior for configurations L_3_8_14 

and L_5_10_14 with different tool radii. The greater tool radius leads to higher peak 

force and a higher level of relaxed forces. This behavior is qualitatively reproduced by 

the model, showing higher stresses for the greater radius with a difference being smaller 

than in the experiments. Experimental data and simulation results are in good agreement 

during the compaction phase for both configurations. For configuration L_3_8_14, the 

peak stress is underestimated by 8.3%, whereas the relaxed stress is overestimated by 

9.3% in relation to the mean value. However, due to the comparably high scatter of the 

experiments, the relaxed stress is only 4.3% above the scatter area. The agreement with 

experimental data is significantly better for configuration L_5_10_14. The model un-

derestimates the peak stress by only 2.4% and overestimates the relaxed stress by 3.3% 

relative to the mean experimental values. Remaining inside the experimental scatter area 

almost during the whole process, the agreement is extremely good. 

Fig. 5-25: Experimental data of the non-planar displacement-controlled compaction tests, in-

cluding minimum and maximum scatter area and prediction of the three-dimen-

sional compaction model. 

In addition to validating the model with the experimental force response, the shape of 

the preform can be compared to further asses the accuracy of the model. As shown in 

Section 5.4, several material properties have a significant influence on the gap closure 

time. With the help of images derived from videos, which were taken during the exper-

iments, it is possible to validate the tool closing process. The focus is placed on the 
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deformation of the preform in the radius and the vanishing of the gap over time. Fig. 

5-26 compares the experiment with the process simulation at four different times. The

time 𝑡 = 0 𝑠 represents the beginning of the compaction experiment when the upper tool

starts to move. The small thickness difference can be explained with experimental test

L_5_10_12_05 being 0.17 mm thinner in the radius than the mean value for this config-

uration. The model was created using the mean geometric dimensions given in Tab.

3-10. As shown in Fig. 5-26, the model predicts the tool closing process is extremely

well. At 𝑡 = 50 𝑠, only a very small gap can be seen in the model and the experiment.

Moreover, the model shows the change of the FVC distribution during the tool closing.

Fig. 5-26: Comparison of experiment L_5_10_12_05 with the simulation at different times of the 

tool closing, with simulation showing the FVC distribution. 

Furthermore, the comparison of the flange deformation provides another possibility to 

validate the simulation. The closing of the tool leads to a combined compaction and 

shear deformation of the flange, which can be quantified by observing the outer edge of 

the flange. Fig. 5-27a compares the simulation result of the final deformed state of the 

flange with the experiment of configuration L_5_10_12. The comparison shows an ex-

cellent agreement between the simulation and the experimental result. While the thick-

ness of the preform is defined by process parameters, the resulting out-of-plane shear 

angle depends on friction and the corresponding shear stiffness. Hence, the shear angle 

of the flange is an adequate means for validation. 

Fig. 5-27b shows a comparison of the resulting shear angle of the simulation with the 

experiments for various configurations. The simulated shear angle is in excellent agree-

ment with the experimental data. For all configurations, the simulation result lies within 

the scatter of the experiments. Moreover, the model prediction is close to the mean shear 
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angle of the experiments for most of the configurations. The largest discrepancy of two 

degrees appears for configurations L_3_10_16 and L_5_8_8. The comparison proves 

that the simulation is capable of predicting the preform deformation very well. Espe-

cially, the FVC dependent out-of-plane shear stiffness model implemented in the sub-

routine seems to be appropriate. 

The validation in this section demonstrated that the model is capable of predicting the 

force response and the shape of the preform during the tool closing very well. 

Fig. 5-27: Shear angle measurement: (a) overlay of experiment and simulation for configura-

tion L_5_10_12, simulation showing the FVC distribution; (b) comparison of simula-

tion with experiment with error bars indicating the minimum and the maximum. 

5.5.2 Results of force-controlled configurations 

Fig. 5-28 compares the displacement of the upper tool predicted by the model with the 

experimental displacement measurement. The comparison shows that the model re-

sponse is in very good agreement with the experiments for both tool radii. The numerical 

prediction matches the measured data perfectly during the compaction phase. Moreover, 

the model shows the same creep behavior as the tests. The model slightly overestimates 

the displacement by 2.4% and 2.1% for the 3 mm and the 5 mm configuration respec-

tively. Furthermore, the model shows a spring-back during the force release. However, 

the predicted final displacement differs by 10.5% and 10.2% from the experiments for 

the 3 mm and the 5 mm configuration respectively.  
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The validation of the out-of-plane shear angle of the flange in Fig. 5-27b shows a very 

good result of the model prediction for the force-controlled configurations. For the two 

tested configurations, the simulated shear angle is within the scatter range of the exper-

iment and extremely close to the mean value.  

Fig. 5-28: Experimental data of the non-planar force-controlled compaction tests, including 

minimum and maximum scatter area and prediction of the three-dimensional com-

paction model: (a) 3 mm inner tool radius; (b) 5 mm inner tool radius. 

5.5.3 Discussion of model capabilities and limitations 

Generally, the model prediction is in very good agreement with the experimental data. 

The validation proves that the model can be applied to displacement-controlled and 

force-controlled setups for different tool radii and varying preform thicknesses. Addi-

tionally to the displacement response and the force response, the validation proved that 

the model prediction of the preform deformation is very satisfying. The closing time, 

was in good agreement with videos taken during the experiment. This proves that the 

deformation in the radius is predicted correctly. Moreover, the modeled shear defor-

mation of the flange matched the experimental results very well for all tested configura-

tions. 
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The largest deviation of the reaction force between model and experiment occurred for 

L_3_10_16 being the preform with the most layers. There are two possible explanations 

for this behavior. On the one hand, the preform of this configuration is thicker and was 

compacted in the heated press for the same time as the thinner configurations. Thus, the 

middle layers of the preform were exposed to less heat, leading to reduced binder acti-

vation in the center. Having less adhesion between the layers gives the fibers more free-

dom to move which decreases the compaction stiffness. On the other hand, the preform 

with more layers has a higher potential for nesting. Hence, less force is needed to com-

pact the preform. The simultaneous shear and compaction deformation might enforce 

the lateral shift of the layers leading to more nesting. This is in good agreement with the 

results from Chen et al [138]. They performed a virtual study of the impact of layer count 

with maximum nesting on the compressive force concluding that the force decreases for 

higher layer count. Dalfi et al. [269] came to the same conclusion that increasing the 

number woven fabric layers reduces the average thickness per layer when compacted 

with the same pressure. A precise conclusion on the cause of the model deviation for 

thick preforms requires more experiments with varying preform thicknesses and differ-

ent FVC. Because the model predicts the force response of the thinner configuration 

L_5_8_8 very well, only the applicability of the model to very thick preforms is limited. 

However, if the focus is on predicting final stresses after relaxation, the model shows a 

good performance for all configurations. 

Another uncertainty lies in the prediction of the force response with varying tool radii at 

high final FVC. The experiments showed clearly higher compaction forces for the 5 mm 

radius compared to the 3 mm radius. While the model is able to correctly predict the 

trend, the difference between the two configurations is significantly smaller. More ex-

perimental data is needed to clarify the influence of the tool radius on the force response, 

because the experiments showed nearly identical behavior for the twelve-layer configu-

rations. Based on the available data, it cannot be ruled out that the root cause is a devia-

tion in the experimental setup of configuration L_3_10_14. Nevertheless, the model re-

sults of the cases with small radii and high FVC must be regarded with caution. 

5.6 Virtual study of geometry parameters 

Based on the validated three-dimensional model, a parameter study of geometrical pa-

rameters was performed. The following properties were varied and investigated: 

• Radius of the inner tool

• Initial thickness of the preform at constant FVC

• Initial FVC with constant preform thickness

The goal of this section is to gain deeper understanding of the influence of geometric 

variations on the compaction behavior. Moreover, the results were used to derive guide-

lines for the design of compaction processes. 
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The impact on the compaction behavior was evaluated with two different criteria. On 

the one hand the force response was analyzed for each parameter study. On the other 

hand, the closure time of the gap was compared. Although no gap occurred in the exper-

iments, knowing the risk of race-tracking channels in the corner is valuable information. 

The later the gap between preform and upper tool vanishes, the higher the risk of an 

empty space remaining in the tool. 

 

5.6.1 Tool radius study 

For this study, the inner tool radius of configuration L_3_8_12 was reduced to 50% and 

the inner tool radius of L_5_10_12 was increased to 200%, resulting in four different 

models. Two studies were performed with 12 layers and 14 layers having the same thick-

ness of the preform. The radius of the outer tool was adjusted to match the inner tool 

radius plus the final preform thickness of 5 mm to achieve a uniform cavity height. All 

preforms were compacted with the same tool displacement boundary condition.  

Fig. 5-29a compares the reaction force on the lower tool for the four different tool radii 

with preforms consisting of 12 layers. The comparison shows a trend towards lower 

forces for larger tool radii, with the 10 mm radius model showing the lowest compaction 

force. All remaining configurations answer with almost the same force response. Gen-

erally, the tool radius has a minor impact on the force response. This is in good agree-

ment with the experimental results shown in Fig. 3-23 where the closing force is almost 

identical for configuration L_3_8_12 and L_5_10_12. Fig. 5-29b shows the comparison 

of the time of gap closure for the different tool radii for preforms with 12 layers. There 

is a trend towards later closing times for larger tool radii. Thus, the risk for gaps remain-

ing in the cavity decreases for larger tool radii. However, the closing time is independent 

of the tool radius for configurations with a radius less than 5 mm.  

The experiments shown in Fig. 3-23 revealed that the compaction force increases with 

increasing tool radius for the 14 layers configurations L_3_8_14 and L_5_10_14. Be-

cause this is in contrast with the findings of the 12 layers configurations, the virtual 

radius study was repeated with more layers in the preform. Fig. 5-29c depicts the com-

parison of the reaction force on the lower tool for the varying tool radii with preforms 

consisting of 14 layers. The two configurations with larger radii show slightly higher 

peak forces and higher relaxed forces than the two configurations with smaller radii. 

However, the force during the compaction is nearly independent of the tool radius. Gen-

erally, the tool radius has a minor impact on the compaction force response. Fig. 5-29d 

shows that preforms with 14 layers lead to a later closing of the gap compared to the 12 

layers preforms. However, the trend is the same as for 12 layers, showing constant clo-

sure times for smaller radii and a decrease for 10 mm tool radius.  
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Fig. 5-29: Influence of varying inner tool radii: (a) of a 12 layer preform on the compaction 

stress; (b) of a 12 layer preform on the time of gap closure; (c) of a 14 layer preform 

on the compaction stress; (d) of a 14 layer preform on the time of gap closure. 

5.6.2 Preform thickness study 

The number of layers in the preform was varied for each configuration keeping the initial 

FVC constant. Thus, the initial thickness of the preform was adjusted for each simulation 

in this study. The preform properties used within this analysis are summarized in Tab. 

5-4. The base line of this study is configuration L_3_8_12 with the same tool closing

time of 110.3 s and a final nominal FVC in the flanges of 0.51 for all configurations.

Fig. 5-23a shows the compaction force occurring during the tool closing for varying 

preform thicknesses. Interestingly, an increasing thickness has a major influence on the 
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peak force. This effect can be explained with different compaction velocities to reach 

the same final FVC in the same period of time. For instance, the base line configuration 

with 7.6 mm thickness is compacted with 2.0 mm/min, whereas the 12.7 mm preform is 

compacted with 3.3 mm/min. Nevertheless, all forces are converging to the same relaxed 

force because of the same final FVC of all configurations. Thus, the models with very 

high thickness show a very pronounced force relaxation. Fig. 5-23b depicts the time of 

gap closure in dependency of the initial thickness of the preform. The diagram shows a 

significant shift towards later vanishing of the gap in the radius for an increasing number 

of layers in the preform. Hence, the risk for gaps remaining in the cavity increases with 

thicker preforms. 

Fig. 5-30: Influence of varying initial preform thickness with constant initial and final FVC: 

(a) on the reaction force of the upper tool; (b) on the time of gap closure.

Tab. 5-4: Initial and final preform properties for varying number of layers used for the virtual 

thickness study. 

Number of layers Initial thickness 

[mm] 

Initial FVC 

[-] 

Final thickness 

[mm] 

Final FVC 

[-] 

4 2.53 0.33 1.67 0.51 

8 5.01 0.33 3.33 0.51 

12 7.6 0.33 5.0 0.51 

16 10.13 0.33 6.67 0.51 

20 12.67 0.33 8.33 0.51 
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5.6.3 Fiber volume content study 

For the virtual study of the FVC, the number of layers in the preform was varied from 8 

to 16 layers while the thickness was kept constant. The resulting initial FVC and the 

nominal final FVC according to Eq. (3-1) corresponding to a preform thickness of 5.0 

mm are given in Tab. 5-5. All configurations were compacted with the same compaction 

velocity of 2 mm/min in 110.3 s.  

The resulting reaction force for a varying initial and final FVC is depicted in Fig. 5-31a. 

As expected, the compaction force increases exponentially with increasing initial FVC. 

Interestingly, only a small portion of the peak stress is relaxed for the configurations 

with higher layer count. Fig. 5-31b compares the time of gap closure for different initial 

FVC of the preform. The diagram shows an exponential increase of the closure time for 

an increasing layer count. With a closure time of 89 s for the 16-layer configuration with 

45% initial FVC, the gap in the cavity vanishes at the very end of the tool closing. Thus, 

the risk of a remaining gap in the cavity after tool closure is significantly higher for high 

FVCs.  

Fig. 5-31: Influence of varying number of layers at initial thickness: (a) on the reaction force of 

the upper tool; (b) on the time of gap closure. 
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Tab. 5-5: Initial and final preform properties for varying number of layers used for the virtual 

FVC study.  

Number of layers Initial thickness 

[mm] 

Initial FVC 

[-] 

Final thickness 

[mm] 

Final FVC 

[-] 

8 7.6 0.22 5.0 0.34 

10 7.6 0.28 5.0 0.42 

12 7.6 0.33 5.0 0.51 

14 7.6 0.39 5.0 0.59 

16 7.6 0.45 5.0 0.68 

5.7 Derivation of guidelines for the preform 

compaction 

Based on the findings in Sections 3.5, 4.5, 5.4 and 5.6, recommendations for the com-

paction of dry carbon fiber preforms were derived. These were divided into process-

related, material-related and geometry-related guidelines. The guidelines contain valua-

ble information for the early design phase when simulations cannot be performed be-

cause the material is not characterized yet or simulations are too time-consuming. The 

application of these recommendations can help to: 

• Design a process for a smaller press because tooling forces are reduced

• Achieve a more robust process by reducing the risk of gaps

• Reduce FVC gradients in the final part and thus improve the part quality

With the results of this section, research question 3 is fully answered. 

5.7.1 Process-related guidelines 

Process-related parameters were concluded from the results of the 1D model in Section 

4.5 and the non-planar experiments in Section 3.5: 

• High closing velocities result in high peak forces, requiring a more powerful

press for the compaction.

• Peak forces can be eliminated by adjusting the closing process, while achieving

the same FVC in the same time.

• Significant thickness gradients in non-planar preforms originate from the drap-

ing process. These gradients can lead to defects after tool closing.
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5.7.2 Material-related guidelines 

The first section of Tab. 5-6 summarizes the main findings of the virtual study of mate-

rial parameters in Section 5.4. The table gives an overview of how strong the influence 

of certain properties is on the force response and the preform deformation. From this 

information, the following material-related guidelines for the design of a compaction 

process can be obtained: 

• The tool-preform friction has a major impact on the preform deformation. High

friction values can result in gaps that remain in the radius of the cavity.

• The in-plane compression stiffness has a significant impact on the tool closing

force and the risk of gaps in the cavity. To the author’s knowledge, this has not

been reported in the literature until now.

• The compression stiffness and the shear stiffness affect the force response but

have a minor impact on the deformation behavior of the preform.

5.7.3 Geometry-related guidelines 

The second section of Tab. 5-6 concludes the findings of the virtual study of geometric 

properties of the preform and the tool. It is important to note that the geometry parame-

ters affect the preform deformation less than some of the material properties, such as the 

tool-ply friction. A more detailed overview that quantifies the impact of certain param-

eter variations is given in Fig. 5-32. Based on a scaling factor, Fig. 5-32a shows the 

influence of the inner tool radius, the preform thickness and the initial FVC on the peak 

force during the compaction. The comparison reveals that the FVC has the most signif-

icant impact on the reaction force with a maximum increase of the force by a factor of 

eight. Nevertheless, increasing the thickness of the preform by 67% doubles the maxi-

mum force during the compaction.  

Fig. 5-32b compares the time of gap closure for varying tool radius, preform thickness 

and FVC, using the same scaling factor as mentioned above. All configurations were 

compacted in the same period of time of 110.3 s. Thus, the risk of empty regions re-

maining in the cavity is significantly higher for thick preforms and high FVC with gap 

closure times between 85 s and 90 s. An increased tool radius is the only parameter that 

was studied that leads to a decreased closing time.  

The following guidelines can be concluded from Fig. 5-32a and Fig. 5-32b: 

• The tool radius has a minor impact on the closing force. Small tool radii

increase the risk of gaps in the tool.

• Thick preforms lead to higher compaction forces when the FVC is kept

constant. Moreover, thick preforms increase the risk of gaps significantly.

• Preforms with high FVC lead to extremely high compaction forces. It is

important to note that a high FVC increases the time of gap closure the most.
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Tab. 5-6: Influence of material and geometry properties on the tool closing force and the pre-

form deformation (strong: ●●●, medium: ●●○, we k: ●○○, none: ○○○). 

Property Influence on the force 

response of the model 

Influence on the preform 

deformation 

Material-related 

   In-plane compression stiffness ●●○ ●●●

   Compaction stiffness ●●● ●○○

   Out-of-plane shear stiffness ●●○ ●○○

   Friction coefficient ●○○ ●●●

Geometry-related 

   Tool radius ●○○ ●○○

   Preform thickness ●●○ ●●○

   FVC of the preform ●●● ●●○

Fig. 5-32: Impact of geometry parameter variation with reference configuration L_3_8_12 (in-

ner tool radius 3 mm, initial thickness 7.6 mm and initial FVC 0.33): (a) on the peak 

force response; (b) on the time of gap closure. 
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6 Coupling of compaction process 

simulations with filling simulations 

This chapter shows a further application of the developed compaction simulation method 

by coupling results such as FVC to subsequent filling simulations. The objective is to 

demonstrate the effect of the compaction state of the preform after tool closing on the 

filling behavior in an RTM process.  

It is important to mention that the results of the filling simulations have not been vali-

dated within this work. This chapter focuses on demonstrating how compaction simula-

tions can be embedded into a composite manufacturing process simulation chain. More-

over, the intention of the filling simulation results, presented here, is to highlight the 

importance of compaction simulations. First, the general methodology for the transfer 

of compaction results to filling simulations is presented. Second, a method for the crea-

tion of race-tracking channels in tool radii based on the mechanical contact status is 

illustrated. The approach is applied to two different geometries, a flat plate and an angled 

profile. Both examples demonstrate the influence of the transferred data. The workflow 

presented here has been developed together with Thalhamer in [S8] and Faron in [S13] 

and published jointly in [P3]. 

6.1 Data transfer to filling simulations 

The content of this section is partly derived from the preprint of [P3]. 

The FVC, the material orientation and the geometry of the deformed preform are three 

main results from the compaction simulation that affect the filling behavior of the 

preform. FVC and material orientation directly influence the permeability of the 

reinforcement material. However, the deformed geometry defines the presence of 

potential race-tracking channels in the cavity and thus, has a major influence on the 

filling behavior.  

The general concept of each data transfer is the same, with the work flow shown in Fig. 

6-1. The methodology was initially developed together with Thalhamer [S8], enhanced

with Faron [S13] and finalized within this thesis. First, the deformed mesh is transferred

from the mechanical compaction simulation to the fluid model. For this purpose, the

results are transferred to another mechanical model. With the compacted state as initial

mesh of the second model, the deformed mesh can be transferred to ANSYS Fluent.

Second, all remaining data such as material orientation, FVC and contact status are
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exported into text files from the compaction simulation. Because the nodal information 

is exported with coordinates of the initial undeformed mesh, the data needs to be modi-

fied afterwards. For this purpose, nodal deformations in global x-, y- and z-direction are 

exported. A python script is used to read in the result file together with the nodal dis-

placements and recalculate the final node positions. These updated nodal results are 

written into a cleaned text file, containing only necessary information for the subsequent 

import. It is important to note that ANSYS Fluent requires element information on the 

centroids. Thus, the nodal results from the mechanical simulation need to be interpolated 

to element centroids before further processing. For this purpose, the data interpolation 

available inside ANSYS Fluent is used. The final reduced file contains the coordinates 

of the element centroids in the first three columns, followed by the information to be 

transferred. For the FVC, a scalar is written into the fourth column, whereas the orien-

tation must be defined by three rotation angles.  

Fig. 6-1: Flow chart of the data transfer between mechanical compaction simulation and fluid 

simulation. 

A user-defined function (UDF) in ANSYS Fluent is utilized to import the data from the 

reduced text file into the fluid model. Contrary to ANSYS mechanical, Fluent UDFs are 

written in C. The UDF reads in the coordinates of the reduced file and searches for the 
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corresponding cell in the mesh of the filling simulation. The respective information from 

the mechanical simulation is linked to the appropriate value of the cell. In order to avoid, 

that the modification of parameters is repeated at every time step, the function is only 

called at the beginning of the first time step. Similar meshes reduce the need of interpo-

lation, and thus, provide a better mapping result.  

Transfer of the FVC 

The FVC, directly influences the permeability of the preform. The objective of the data 

transfer is to define the permeability distribution in the filling simulation, which is 

caused by the compaction during the mold closing. The method mentioned above is ap-

plied to create a reduced file with elementwise FVC data. The UDF, which is used for 

this data transfer, calculates the permeability for each cell. For the correlation between 

FVC 𝑉𝑓 and permeability 𝐾, a Kozeny-Carman equation in the following form is used 

[234]: 

𝐾𝑗 =

1
𝐶𝑗

∗(1 − 𝑉𝑓)
𝑛𝑗+1

𝑉𝑓
𝑛𝑗

(6-1) 

𝐶𝑗 and 𝑛𝑗  in Eq. (6-1) are fitting parameters for the permeability 𝐾 in direction 𝑗. The 

fitting parameters given in Tab. 6-1 were derived from fitting to permeability data from 

[270]. As ANSYS Fluent works with porosities and viscous resistances, 1 − 𝑉𝑓 and 1/𝐾𝑗 

respectively are returned by the routine. Once the UDF has been loaded in the fluid 

model, the variables in the UDF need to be associated to the material parameters of the 

simulation. The porosity is bound to the porous zone of the fluid mixture and the per-

meabilities are connected with the viscous resistance of the resin phase.  

Tab. 6-1: Fitting parameters for the Kozeny-Carman equation 

Parameter Value 

𝐶1
5.23994e+10 

𝑛1
2.45998e+00 

𝐶2 7.81982e+10 

𝑛2 2.89996e+00 

𝐶3 7.33998e+11 

𝑛3 2.30000e+00 
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Transfer of the material orientation 

The orientation of the material affects the permeability, as it is defined by an anisotropic 

tensor. For the current approach, the orientation is set in the mechanical simulation. 

However, the method can also be adapted to take the orientation input from a prior kin-

ematic draping simulation. Using information from kinematic draping in ANSYS Com-

posite PrepPost (ACP) is especially useful for more complex geometries. However, for 

the simple example of an L-profile, thickness and orientation can easily be defined man-

ually. In order to receive element orientations, no separate result export is required, be-

cause the necessary data is stored in the solver input file. Thus, the python script reads 

in the element coordinates and the angles of rotation from the mechanical solver input. 

It is important to note that the rotations are provided in Euler angles with Z-X-Y rotation 

order. Afterwards, the script writes the elementwise rotations into a reduced file for the 

UDF. In ANSYS Fluent, the UDF reads in the reduced file and calculates the new ori-

entations based on the rotation data. In a final step, the orientations are linked to the 

material properties to define the permeability directions.  

Application of the data transfer to a simple plate 

The method presented in this section was tested on a model with a quadratic preform 

that was locally compacted in the center. Fig. 6-2a shows the resulting FVC distribution 

after the mechanical simulation. In Fig. 6-2b, the calculated permeability 𝐾1 of the fluid 

model is shown. Areas with higher degree of compaction show lower permeabilities, 

which proves that the data transfer and the mapping work very well. The result of the 

compacted geometry transfer is shown in Fig. 6-2c. The section cut shows the distribu-

tion of the z-coordinates on the deformed mesh where the reduced thickness in the com-

pacted area in the center can clearly be seen. 

Fig. 6-2: Transfer of compaction results for a locally compacted plate: (a) FVC; (b) permeabil-

ity 𝑲𝟏; (c) mid plane section cut with z coordinate.
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6.2 Generation of flow channels in empty 

cavities 

The content of this section is partly derived from the preprint of [P3]. 

For the generation of the flow channels, the contact status was exported from the com-

paction simulation and imported into the fluid model. This methodology is illustrated in 

the flow chart in Fig. 6-3.  

Fig. 6-3: Flow chart for the generation of flow channels based on the contact status of the com-

paction simulation. 

The general approach is the same as for the previously imported data. Fig. 6-4a shows 

the final FVC distribution of configuration L_3_8_12 with an increased tool ply friction 

of 𝜇 = 0.4 from Subsection 5.4.2. In addition, the result shows a small gap between the 

preform and the upper mold in the radius. This gap can be detected by using the me-

chanical contact status, which has been imported into the filling simulation model (see 

Fig. 6-4b). The distribution on the top surface shows a change of the status from “near-

field” to “sliding contact” in the region of the radius. The front side of the preform shows 

an interpolation of the contact status from top and bottom, performed automatically in 

ANSYS Fluent. However, the contact status on the top side shows a clear border where 

the gap is present in the cavity. By defining a new field variable in ANSYS Fluent, cells 

with a contact status between 0.8 and 1.2 (near-field contact) are marked. These marked 

cells are then used to split the surface of the preform. The element faces within the newly 

created surface are extruded using the built-in “extrude-face-zone-delta” function. This 

facilitates a normal extrusion of the selected face with constant thickness. The result 

analysis in the compaction simulation showed a gap height of 0.4 mm, which is 
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consequently chosen for the extrusion thickness. In a final step, a porosity of 1.0 and a 

permeability of 1e-8 m² are assigned to the newly created cell zone. The generated race-

tracking channel can be seen in Fig. 6-4c, highlighted in blue. 

Fig. 6-4: Generation of a race-tracking channel: (a) fiber volume content; (b) contact status 

(status 1: near-field contact, 2: sliding contact and 3: sticking contact); (c) preform 

with flow channel created on top. 

6.3 Method for the filling simulations 

The content of this section is partly derived from the preprint of [P3]. 

The developed method has been applied to the L-profile from Fig. 6-4. Two different 

models were created in ANSYS Fluent [271] with settings provided in Tab. 6-2.  

Tab. 6-2: Parameter settings for the filling simulations in ANSYS Fluent. 

Parameter Value 

Solver type Transient, pressure based 

Number of phases 2 (resin and air) 

Resin viscosity 0.054 kg/ms 

Resin density 915 kg/m³ 

Air viscosity 1.7894e-05 kg/ms 

Air density 1.225 kg/m³ 

Multiphase model Eulerian 

Formulation Implicit 

Inlet pressure 2 bar 

Outlet pressure 0 bar 
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Both models were meshed with hexahedral elements, having a resin inlet and a resin 

outlet at the same locations with the same boundary conditions. The first model was set 

up without transferring data from the compaction simulation. For the second model, the 

new methodology was applied to transfer the FVC, the orientations, the displacements 

and to create the race-tracking channel on the radius. The material properties of the pre-

form are derived from the data transfer of the compaction simulation. The permeability 

is calculated using Eq. (6-1) with parameters given in Tab. 6-1. A constant FVC of 0.5 

and permeabilities derived from Eq. (6-1) were assumed for cases without imported 

compaction data. For the second model, the porosity in the channel was set to 1.0 and 

the permeability to of 1e-8 m². 

 

6.4 Application of the coupled compaction and 

filling simulation  

The content of this section is partly derived from the preprint of [P3]. 

Filling simulations were initially performed using the example of the locally compacted 

plate shown in Fig. 6-2. A resin inlet was placed on the left side with constant injection 

pressure and an outlet with 0 bar pressure was defined on the opposite side. It is im-

portant to note that the empty cavity in the area of the local compaction was not modeled 

in this case. The resulting fill factor at three different points in time are shown in Fig. 

6-5. The picture on the left clearly shows that the resin flows significantly slower in the 

center due to the decreased permeability. In the further course of the injection, the com-

pacted area gets filled from three sides almost causing an air entrapment in the center. 

The picture on the right shows the filling status towards the end of the injection with two 

flow fronts meeting behind the locally compacted area.  

In the next step, filling simulations were performed for the L-shaped geometry shown 

in Fig. 6-4. In order to highlight the influence of FVC gradients, filling simulations with 

and without imported results from prior compaction are presented in Fig. 6-6. Contrary 

to the previous example, a race-tracking channel was modeled in the empty cavity. The 

resin was injected at one of the long edges of the profile, whereas the resin outlet was 

positioned on the opposite side. The filling pattern after 0.1 s proves that the race-track-

ing channel gets completely filled at the beginning of the injection. In the further course 

of the injection (e.g. after 2.0 s), the resin propagates to the flanches from the inlet and 

the channel on top of the radius. However, in the case without flow channel, the flow 

front remains always parallel to the resin inlet. The comparison of the injection after 10 s 

highlights that the presence of the race-tracking channel has a significant influence on 

the last filled elements and thus, the positioning of the resin outlets. These results prove 

that the presence of the flow channel has a major impact on the filling behavior. Hence, 

the influence of the adapted permeabilities cannot be seen in this example, because their 
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influence is less dominant. As a result of the increased FVC in the radius in Fig. 6-4a, 

the resin propagates slower in this region. The impact of decreased permeability due 

compaction can be better observed in the case of the locally compacted plate in Fig. 6-5. 

Fig. 6-5: Filling behavior of the simple plate example with imported FVC and deformed mesh 

from compaction simulation. 

Fig. 6-6: Comparison of filling behavior after 0.1 s, 2.0 s and 10 s injection time: (a) without 

imported compaction results; (b) with imported compaction results. 
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6.5 Conclusions on the coupling with filling 

simulations 

The content of this section is partly derived from the preprint of [P3]. 

In this chapter, a framework was developed that provides the possibility to utilize results 

from compaction simulations in subsequent filling simulations. With this approach, re-

search question 4, raised in Section 2.5 was answered.  

The presented methodology allows to transfer the FVC, material orientation and nodal 

displacements. In addition, the contact status is mapped onto the fluid model in order to 

generate race-tracking channels in empty cavities of the mold. The approach has been 

applied to a simple plate with local compaction and an L-profile with upper and lower 

mold. The example of the locally compacted plate demonstrated that the transfer of FVC 

and the corresponding adaption of permeabilities work very well. The functionality of 

the transfer of the deformed mesh and results with updated node locations to the infil-

tration model was verified for both models. The importance of transferring the contact 

status and generating race-tracking channels was demonstrated with the example of an 

L-profile. The developed methodology worked satisfactorily and highlighted the signif-

icant influence on the filling behavior compared to a model without imported compac-

tion results. The resulting filling behavior of the angled preform is in very good agree-

ment with observations made in literature [30,63].

The presented approach needs to be validated with injection experiments. In order to 

validate the filling simulations, the flow front position must be tracked at different loca-

tions inside the tool. This can either be achieved with multiple sensors (e.g. pressure or 

capacitive sensors) or a transparent tool with optical measurement as proposed by Bick-

erton et al. [30]. A major limitation of the current approach is that flow channels are 

generated with a uniform thickness. A better representation of gap geometry could be 

achieved by a stepwise layer extrusion of the race-tracking channel. Moreover, the ex-

trusion based on contact status requires many manual steps in the graphical user-inter-

face. Especially for more complex geometries, further automation with Python scripts is 

beneficial.  
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7 Conclusions 

Numerous challenges in LCM processes, hindering a broader application for complex 

parts, can be related to process-induced FVC gradients. For instance, varying permea-

bilities and gaps in the tool can influence the filling behavior, resulting in defects such 

as resin-rich areas, dry spots or resin content gradients. These defects are significantly 

affecting residual stresses and part deformations after demolding. Moreover, mechanical 

properties show a great dependency on local FVC gradients in the final part. A non-

uniform compaction of the preform is the root cause of these FVC gradients and the 

related part defects. Thus, predicting the compaction behavior with process simulations 

and avoiding compaction-related defects is of special importance. However, only very 

few material models are capable of predicting the anisotropic time-dependent behavior 

of preforms. To the author’s knowledge, none of the existing models has proven to be 

applicable for non-planar displacement-controlled as well as force-controlled scenarios.  

Four research questions were defined, the answers to which provide the necessary pre-

requisites for predicting the complex material behavior and integrating it into a process 

simulation chain. The models and solutions developed in this work provide a contribu-

tion to make LCM processes more robust and to reduce component scrap. This chapter 

summarizes the main contributions based on the defined research questions. Afterwards, 

an outlook is provided for future improvements and further applications of the newly 

developed modeling approach. 

7.1 Summary of the main contributions 

Material characterization of the main preform deformation mechanisms 

A profound literature review revealed that the main deformation mechanisms during 

non-planar compaction are the through-thickness compaction and the out-of-plane shear 

behavior of the preform. Moreover, the review exposed that the friction at the tool-pre-

form interface influences the material response during the compaction. 

Initial tests showed that the machine deformation has a significant influence on the 

measured compaction force during the experiments. To overcome this issue, the com-

paction characterization method was improved using optical control of the upper plate 

movement. This ensured a constant closing velocity during the displacement-controlled 

compaction experiments. The compaction experiments were conducted with two textile 

materials, revealing interesting differences between woven fabric and NCF compaction 

behavior. Compaction forces are significantly higher for the woven fabric. For instance, 
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the relaxed force to reach 60% FVC is approximately 100% higher for the woven fabric 

compared to the NCF. This difference can be explained with less nesting effects occur-

ring during the NCF compaction. In addition, the woven fabric shows a more pro-

nounced stress relaxation of almost 60% compared to the one for the NCF material of 

approximately 30%.  

Contrary to the compaction experiments, no method for the characterization of the out-

of-plane shear of preforms was found in the literature. Thus, a new methodology for the 

characterization based on a double-lap shear test was developed. This method allows to 

test the out-of-plane shear stiffness at defined FVC levels. This was of particular im-

portance as the results showed a strong dependency of the material behavior on the de-

gree of compaction. The dependency can be explained with nesting, hindering lateral 

movement of the plies at high FVC. Additionally, a method for the result evaluation 

accounting for tape influence was developed. Using a linear regression algorithm al-

lowed the identification of two sections with nearly constant stiffness for each test. 

Non-planar compaction experiments were performed for the characterization of the be-

havior and the subsequent validation of the process model. Several configurations of 

L-shaped preforms with a varying number of layers and different tool radii were tested.

Interestingly, the material response is clearly dominated by the through-thickness com-

paction. This can be seen in the same characteristic time-dependent material behavior

that has been observed in the planar compaction tests. Thickness measurements of the

specimens before the tests revealed that corner thinning lead to a reduced thickness in

the radius by approximately 10% compared to the flange thickness. However, the initial

gap on the outer tool radius vanished for all tested configurations.

Development of a one-dimensional compaction material model 

A novel phenomenological formulation for the description of the time-dependent com-

paction behavior of dry carbon fiber preforms was developed. The incremental formu-

lation makes the model suitable for an efficient FEA implementation. Furthermore, both 

compaction and relaxation phases are described in a single model, allowing an imple-

mentation without a case distinction.  

The validation proved that the model is capable of predicting tooling forces in displace-

ment-controlled setups over a wide range of FVCs and closing speeds. Moreover, the 

model predicts the creeping and the spring-back behavior of the material in force-con-

trolled setups. Furthermore, the developed method can be used to reduce tooling forces 

in RTM processes. By eliminating the peak stress, the tooling forces, achieving the same 

FVC in the same time, could be reduced by 50%. The validation with two very different 

materials, a carbon fiber woven fabric and a carbon fiber NCF, demonstrated the broad 

applicability of the model. The results of a parameter study support the assumption that 

the model can be applied to a variety of fibrous preforms. Such a wide range of boundary 

conditions, preform and process properties could not be found for any of the models in 

the reviewed literature.  
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Extension to a three-dimensional material model and derivation of 

guidelines 

After the validation of the through-thickness compaction model, the method was ex-

tended to a three-dimensional material model. The use of a general orthotropic material 

model allowed the separate definition of each stiffness matrix entry. Thus, the user-de-

fined material could be extended by the bilinear out-of-plane shear model and an FVC-

dependent in-plane tensile stiffness with reduced magnitude in compression. Simple sin-

gle-element tests and planar geometry tests verified that the model shows the expected 

behavior. Combined load cases proved that the material answers with the desired cou-

pling between the individual deformation modes.  

Afterwards, the model was applied to non-planar cases, using the experimental config-

urations with L-shaped preforms. For this purpose, a new method was developed to ac-

count for the thinning effect and resulting changes of the FVC during preforming. A 

parameter study of the material properties was used to calibrate the model to one of the 

displacement-controlled experimental configurations. The study revealed that the com-

paction stiffness needs to be scaled by a factor of 1.6 in order to match the force response 

from experiments. Possible root causes are differences in the temperature introduction 

during preforming or a dependency of the compaction stiffness on the out-of-plane 

shear.  

The model, calibrated to a single experimental configuration, was validated with the 

remaining displacement-controlled and force-controlled configurations. The force-

response of the displacement-controlled configurations was in good agreement with 

experimental data. The model showed a satisfactory prediction for varying tool radii, 

FVC and number of layers. The largest deviation was observed for the thickest preform 

with 16 layers. This can be explained with lower core temperature, and thus differing 

binder activation during the preforming process or increased nesting of the higher 

number of layers. The predicted preform deformation in the radius section agrees well 

with the photographs captured during the experiments. A comparison of the upper tool 

displacement with the experimental data for the force-controlled configurations showed 

a very good agreement. The model predicted the compaction and creep of the material 

very well. Small deviations could be observed for the final thickness after force release. 

The validated non-planar compaction simulation was further used for a virtual study of 

material parameters and geometrical dimensions. Together with results from the planar 

and non-planar compaction experiments, valuable guidelines for process, material and 

geometry were derived. High closing speed leads to high peak forces that can be elimi-

nated by adjusting the velocity profile. Thus, a smaller press can be used to achieve the 

same FVC in the same time. Tool-preform friction and in-plane compression stiffness 

have a major impact on the preform deformation, whereas compression stiffness and 

out-of-plane shear stiffness mostly affect the closing force. Especially thick preforms 

and those with high FVC show an increased risk of gaps remaining in the cavity. The 
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tool radius has a minor impact on the closing force, but small tool radii increase the risk 

of gaps in the tool. These results are in good agreement with the findings from Dong 

[52], shown in Fig. 2-5. He concluded that FVC has the most significant influence on 

the formation of gaps, followed by stacking sequence and tool radius. The impact of 

preform thickness was not covered in his study. 

Integration of the results into a virtual composite manufacturing chain  

In addition to the development of a compaction model, a further objective of this work 

was the integration into a process simulation chain. This goal is of special importance 

as the local FVC gradients have a significant influence on the subsequent process steps. 

Thus, a methodology to transfer compaction simulation results into filling simulations 

was developed. This approach can be applied to transfer FVC, material orientation and 

nodal displacements. By importing the mechanical contact status and splitting the sur-

faces, a flow channel can be extruded at the location of the empty cavity in the tool. This 

allows to take race-tracking effects in tool radii into account. The example of a locally 

compacted plate proved that the method works very well for the adjustment of permea-

bilities based on the compaction state. With the example of the L-profile, the function-

ality of the orientation transfer and the contact status transfer was demonstrated. The 

qualitative results of the filling simulations are in good agreement with the behavior 

found in the literature [30,63]. These examples prove the importance of the integration 

of the compaction process into a composite manufacturing simulation chain.  

 

7.2 Outlook 

Future work on material characterization and validation experiments 

The initial comparison of simulation results with the experimental data in Section 5.4 

revealed a mismatch of the force response. A difference in the binder activation and an 

influence of the out-of-plane shear on the compaction stiffness were identified as two 

possible root causes. In order to gain a deeper understanding of the underlaying mecha-

nisms, more experiments need to be carried out. The influence of binder activation can 

be analyzed with various preforming temperatures and preform thicknesses. The works 

form Dickert [272] and Wu et al. [118] suggest that the binder activation temperature 

has a significant influence on the compaction behavior of preforms. In order to exclude 

the influence of the tool on the mechanical properties of the preform, the planar test 

specimens should be produced in the same tool as the curved ones. 

Another possible reason for the model deviation for the non-planar preforms is the cou-

pling between the out-of-plane shear and the compaction. The experiments in Section 

3.3 showed that the degree of compaction influences the shear stiffness. However, the 

influence of the lateral ply shift on the compaction response could not be studied. 
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According to Chen [138], there is a relation between the degree of nesting and the com-

paction response. Dalfi et al. [273] studied the influence of fabric architecture on the 

compaction response, concluding that fabrics that allow for more nesting show a differ-

ent compaction response. Moreover, the number of layers influences the compaction 

response due to nesting effects [138,274]. The influence of nesting and out-of-plane 

shear on the compaction stiffness can be studied with two different approaches. One 

possibility is the experimental analysis of this relation. Fig. 7-1 shows a concept for a 

device that allows the testing of the compaction response of sheared preforms. A screw 

on the lower plate enforces a lateral displacement of the plates. An adhesive tape, as 

used in Section 3.3, transfers the load into the specimen causing shear in thickness di-

rection. Another possibility to investigate the coupling behavior is to apply simulation 

models on a mesoscopic scale. A validated meso-model, similar to the one proposed by 

Nguyen et al. [186], allows simple modifications of the lateral shift and the evaluation 

of the compaction response of various configurations. The derived relation can be trans-

ferred to the macroscopic model. 

Fig. 7-1: Concept for an experimental setup for the characterization of the influence of the out-

of-plane shear on the compaction behavior. 

A characterization of the in-plane compression stiffness can further enhance the model, 

because the study of material parameters in Section 5.4 showed its significant influence 

on the compaction response. Similar to the coupled out-of-plane shear compaction, the 

measurement of the compression stiffness is not straightforward. The main challenge is 

the possible dependency of the in-plane compression stiffness on the FVC as a higher 

degree of compaction hinders fibers from bending during in-plane compression. 

To further improve the model, it is beneficial to validate the FVC distribution with ex-

perimental data. However, the FVC measurement during the compaction experiment is 

challenging. One option is to use a setup that can be observed with an optical micro-

scope, as suggested by Dong in [71]. However, it is not clear if the resolution of such a 

setup is enough to measure the FVC. Moreover, it is only possible to see the front surface 

of the specimen that may be affected by edge effects. Another possibility is to freeze the 

compaction state by injecting a reactive resin that allows to cut out cross-sections for 

micrographs after curing. With this method, there are at least two challenges to be over-

come. On the one hand, the resin injection probably requires an RTM tool because a 
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high pressure is needed to reach a complete filling at high FVC. The challenge will be 

to include the RTM tool in a UTM together with an optical measurement system for the 

tool displacement. On the other hand, the lubrication effect due to the resin injection 

may lead to a movement of fibers and fiber bundles affecting local FVC gradients. How-

ever, it is possible to repeat the characterization experiments from Chapter 3 using wet 

material. This will extend the field of application to coupled fluid-mechanical simula-

tions such as CRTM process simulations. 

Future improvements of the material model 

The through-thickness compaction showed a very good agreement with experimental 

results for two different materials. However, there was a deviation for the prediction of 

the spring-back during force-controlled setups. The model can be further improved in 

order to achieve a higher accuracy for the spring-back prediction after force release. 

Moreover, the force response experiments showed a dependency on the strain rate when 

compacted to the same FVC. This behavior cannot be reproduced with the current 

model. More experiments are necessary to gain a deeper understanding, because the 

conducted tests did not show an evident relation between strain rate and relaxed stress.  

The three-dimensional model can be further improved in multiple ways. One enhance-

ment to the model is a description of the in-plane compression behavior based on exper-

imental data. Another material property that has not been characterized is the in-plane 

shear stiffness. This is valid as no shear strains appeared for the selected setup with 

cross-ply layup and single curved preforms. However, in-plane shear stresses will be 

introduced, if layers with different orientations are added to the layup or if the preform 

is compacted on a more complex geometry. High in-plane shear strains can cause wrin-

kles making this property especially important. For this purpose, it is useful to extend 

the model by including in-plane shear. In addition, it was assumed that all Poisson’s 

ratios can be set to zero. This assumption needs to be verified with experiments or in 

case a significant strain-strain coupling appears in the experiments, the Poisson’s ratios 

need to be added to the model. 

A single layer modeling approach was chosen for the three-dimensional model in order 

to achieve a higher computational efficiency. However, this reduces the capability of the 

model to predict effects occurring on ply level such as wrinkles and layer separations. 

Nevertheless, the main goal of a process simulation is to support in avoiding wrinkles, 

rather than predicting their exact shape. Thus, it is sufficient to implement a criticality 

factor, indicating the risk of wrinkles that occur at a specific location. This factor could 

be based on in-plane shear strains and in-plane compression strains. Moreover, the con-

tact status needs to be considered in order to evaluate whether there is space in the cavity 

for the formation of wrinkles. 

The literature review showed that various fibrous reinforcements including prepregs 

show the same qualitative behavior. Hence, it is interesting to apply the model to predict 

the compaction of prepregs and natural fibers.  
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Outlook on the integration into a complete manufacturing process simu-

lation chain 

The methodology developed in Chapter 6 demonstrated that results from compaction 

simulations can be transferred to a subsequent filling process step. Nevertheless, there 

is future work to be done in order to integrate further steps on both ends of the process 

chain.  

On the one hand, the thickness measurement revealed that the preforming process leads 

to a significant thinning in the radius. For the current approach, the thickness was meas-

ured and adjusted in a pre-compaction simulation step. This is not feasible for more 

complex structures where thickness measurements are more complicated. The process 

simulation method can be enhanced by the simulation of the draping process in order to 

derive the thickness of the preform before compaction. The draping process can be sim-

ulated with the same material model used for compaction. However, it is important that 

the material properties of stacked layers differ from a preform with activated binder. 

This requires a repeated material characterization for the model input.  

On the other hand, the compaction results can be transferred to simulation steps after the 

filling simulation. For instance, the results from compaction simulations can be used in 

a subsequent curing and part distortion simulation. Because local FVC gradients and 

resin-rich corners have a significant influence on residual stresses, the prediction of part 

distortions can be improved [28,29]. The transfer of results from compaction simulations 

into structural simulations is a further extension of the simulation chain. Compared to 

the transfer of data into the filling simulation, all the further transfers require less effort. 

As all steps from draping to structural analysis are mechanical simulations, the approach 

presented in Subsection 5.3.3 for the pre-compaction can be applied.  

Another interesting extension of the developed methodology is to have a simultaneous 

coupling of compaction and infiltration simulation. Contrary to the current sequential 

approach, this method can be applied to cases where compaction and infiltration happen 

simultaneously. This is of particular interest for CRTM or VARTM processes, because 

the infiltration with resin influences the mechanical properties and the thickness of the 

preform. The method presented by Yang et al. in [275] can be applied to model CRTM 

processes in ANSYS. For the structural simulation, the material model subroutine de-

veloped in Section 5.1 can be applied.  

Further application of the model in ongoing research projects 

The material model and the process simulation methodology developed in this work is 

further enhanced within the scope of two ongoing research projects. Both projects aim 

for the application of the model to more complex geometries making the next step to-

wards an industrial application. The ESKoRT project (Zentrales Innovationsprogramm 

Mittelstand (ZIM), funding reference KK5135803KP0) addresses the prediction of the 

compaction state of the demonstrator geometry shown in Fig. 7-2a. The main objective 
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is to use a validated compaction material model to minimize compaction-related defects 

based on the findings in Section 5.4. This is achieved by a virtual optimization of the 

mechanical preform properties and local adaption of the tool-preform friction. On the 

one hand, a systematic variation of binder content or binder activation temperature can 

be used to reduce local FVC gradients or to avoid gaps in the tool. On the other hand, 

local variations of the tool surface by sanding or coating can ensure a desired compaction 

behavior by changing the friction. The optimization of these material properties will 

make manufacturing processes more robust by avoiding manufacturing defects.  

The FogeLRaP project (ZIM, funding reference KK5135803KP0) aims to predict gaps 

in the tool after compaction. Using the data transfer into the filling simulation presented 

in Chapter 6, the influence on the filling behavior can be predicted. The coupled process 

simulation supports to find an optimal filling strategy for varying preform quality. The 

integration of sensors in the tool to track the resin front and adaptive inlets and outlets 

allow to control the filling process. With the database of virtual filling strategies, the 

pressure in the tool can be adjusted to achieve a complete filling. This method will help 

to reduce scrap and improve the manufacturing process robustness.  

Fig. 7-2: Demonstrator parts of follow-up research projects: (a) ZIM project ESKoRT; 

(b) ZIM FogeLRaP.
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b Drawings of the tools for non-planar 

compaction 

The drawings of the tools which were used for the non-planar compaction experiments 

in Section 3.5 are shown here. The tools were designed to be used for preforming in the 

hot press and to be mounted into the UTM for the compaction tests. Standard steel was 

used for the manufacturing of these geometries. Moreover, this section depicts the tech-

nical drawings of the two positioning devices that were used to cut the preforms. The 

positioning devices were additively manufactured with Polylactide.  

 

 

Fig. A-1: Technical drawing of the 3 mm lower tool showing the front view and the section cut 

A-A.  

 

 

section cut A-A

front view
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Fig. A-2: Technical drawing of the 5 mm lower tool showing the front view and the section cut 

A-A.

section cut A-A

front view
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Fig. A-3: Technical drawing of the 8 mm upper tool showing the front view and the section cut 

A-A.

section cut A-A

front view
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Fig. A-4: Technical drawing of the 10 mm upper tool showing the front view and the section 

cut A-A. 

 

section cut A-A

front view



198 Appendix 

Fig. A-5: Technical drawing of the 12 mm upper tool showing the front view and the section cut 

A-A.

section cut A-A

front view
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Fig. A- 6: Technical drawing of the preform positioning device showing the top view and the 

front view. 

  

front view

top view
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c Code for the implementation of the user-

defined material 

APDL command for the integration in ANSYS Workbench 

The following command is used to apply the user-defined material to the preform ge-

ometry in ANSYS Workbench. This code replaces the default material for the preform 

with the usermat.F file. Moreover, specific parameters such as the initial FVC are trans-

ferred to the subroutine.   

*set,Vf_0,0.3345 ! initial FVC

*set,young_1,120000.0 ! tensile stiffness in-plane

*set,fact,1.6 ! factor for comaction stiffness --> opt 1.6

*set,young_red,0.001 ! factor reduce in plane compression stiffness --> opt 0.01

*set,shear_fact, 1.0 ! factor for shear stiffness --> opt 1.0

*set,layer, 12.0            ! number of layers

ET,,SOLID186

ETCONTROL,OFF

tbdele,ALL,matid

tb,user,matid,2,5 ! User Material: user,mate-

rial ref num, num of temperatures, num of vars per temp

tbtemp,0.0 ! first temp.

tbdata,1,Vf_0,young_1,fact,young_red,shear_fact,layer ! Young's modulus, posn ra-

tio

tbtemp,1.0 ! first temp.

tbdata,1,Vf_0,young_1,fact,young_red,shear_fact,layer ! Young's modulus, posn ra-

tio

tb,state,matid,,20 ! mat1 has 1 state variable

tunif,Vf_0 ! Uniform temp of 1.0 for

all nodesAdd the following lines

/upf, usermat.F

Fortran code of the user-defined material subroutine 

This appendix shows the Fortran code of the user-defined subroutine in its 3D imple-

mentation, which was used in Chapter 4 and Chapter 5. This code needs to be compiled 

with Microsoft Visual Studio Professional 2017 Version 15.0 and Intel Visual Fortran 

2019.3.203, in order to be used in Ansys Mechanical 2020 R2. 

c************************************************************************* 

#include "impcom.inc" 

c 

INTEGER

& matId, elemId, 

& kDomIntPt, kLayer, kSectPt, 

& ldstep,isubst,keycut, 

& nDirect,nShear,ncomp,nStatev,nProp 

DOUBLE PRECISION 

& Time, dTime,   Temp, dTemp, 

& sedEl,   sedPl,   epseq,   epsZZ,   cutFactor 

DOUBLE PRECISION 

& stress(ncomp  ), ustatev (nStatev), 

& dsdePl  (ncomp,ncomp), stress_o(ncomp), 

& Strain  (ncomp  ), dStrain (ncomp  ), 

& epsPl   (ncomp  ), prop (nProp  ), 

& coords  (3),
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& defGrad (3,3), defGrad_t(3,3), 

& tsstif  (2), d_defGrad(3,3) 

c 

c***************** User defined part ************************************* 

c 

c --- parameters 

c 

INTEGER mcomp 

DOUBLE PRECISION HALF, THIRD, ONE, TWO, SMALL, ONEHALF, 

& ZERO, TWOTHIRD, ONEDM02, ONEDM05, sqTiny 

PARAMETER (ZERO = 0.d0, 

& HALF = 0.5d0, 

& THIRD = 1.d0/3.d0, 

& ONE = 1.d0, 

& TWO = 2.d0, 

& SMALL = 1.d-08, 

& sqTiny = 1.d-20, 

& ONEDM02 = 1.d-02, 

& ONEDM05 = 1.d-05, 

& ONEHALF = 1.5d0, 

& TWOTHIRD   = 2.0d0/3.0d0, 

& mcomp = 6 

& ) 

c 

c --- local variables 

c 

c sigElp   (dp,ar(6  ),l) trial stress 

c dsdeEl   (dp,ar(6,6),l) elastic moduli 

c sigDev   (dp,ar(6  ),l) deviatoric stress tensor 

c dfds (dp,ar(6  ),l) derivative of the yield function 

c JM (dp,ar(6,6),l) 2D matrix for a 4 order tensor 

c pEl (dp,sc ,l) hydrostatic pressure stress 

c qEl (dp,sc ,l) von-mises stress 

c pleq_t   (dp,sc ,l) equivalent plastic strain at beginnig of time 

increment 

c pleq (dp,sc ,l) equivalent plastic strain at end of time in-

crement 

c  dpleq (dp,sc ,l) incremental equivalent plastic strain 

c sigy_t   (dp,sc ,l) yield stress at beginnig of time increments 

c sigy (dp,sc ,l) yield stress at end of time increment 

c young (dp,ar(3  ),l) Young's modulus 

c posn (dp,ar(3  ),l) Poiss's ratio 

c sigy0 (dp,sc ,l) initial yield stress 

c dsigdep  (dp,sc ,l) plastic slop 

c twoG (dp,sc ,l) two time of shear moduli 

c threeG   (dp,sc ,l) three time of shear moduli 

c stress_o (dp,ar(6  ),l) stress at n 

c 

c --- temperary variables for solution purpose 

c i, j 

c threeOv2qEl, oneOv3G, qElOv3G, con1, con2, fratio 

c 

EXTERNAL vzero, vmove, get_ElmData 

DOUBLE PRECISION sigElp(mcomp), dsdeEl(mcomp,mcomp), G(mcomp), 

& sigDev(mcomp), JM (mcomp,mcomp), dfds(mcomp), 

& sigi  (mcomp), strainEl(mcomp), dstress(ncomp) 

DOUBLE PRECISION var0, var1, var2, var3, var4, var5, 

& var6, var7 

DATA G/1.0D0,1.0D0,1.0D0,0.0D0,0.0D0,0.0D0/ 

c 

INTEGER i, j 

DOUBLE PRECISION dsigdep, young(ncomp-3), ! Declare all

parameters here 

& posn(ncomp-3), engStrain(6), engdStrain, 

& Vf_0, Vf, Vf_ref, fit_A, fit_B, ratio, 

& Gxy, Gyz, Gzx, ref_layer, layer, 

& G_A45, G_B45, G_A50, G_B50, 

& G_A55, G_B55, G_A60, G_B60, 

& icpt,icpt45, icpt50, icpt55, icpt60, 

& deltaVf, tau_1, tau_2, tau_3, 

& a1, a2, a3, b1, b2, b3, 

& eps_dot,j_1, j_2, j_3, 

& eps_1, eps_2, eps_3, young_init, 
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     &                 eps_1rel, eps_2rel, eps_3rel, 

     &                 E_0, E_1, E_2, E_3, h_1, h_2, h_3,                  

     &                 delt, delt1, delt2, fact, fact2, shearfact                 

C************************************************************************* 

c 

      keycut   = 0 

      cutFactor = 0.d0 

      dsigdep  = 0.d0  

      deltaVf = 0.0d0 

      Vf_ref=0.3345 

      ref_layer = 12.0d0 

c *** get Young's modulus and Poisson's ratio, initial yield stress and others 

      Vf_0        = Temp                                            ! Initial FVF as 

input from input file elasticBar.txt 

      IF (Vf_0 .LT. 0.001) THEN  

        Vf_0=0.3345  

      END IF                     

      fact = prop(4)                                                ! In-plane stiff-

ness reduction factor 

      fact2 = prop(3)                                               ! Compaction stiff-

ness scaling factor 

      shearfact = prop(5)                                           ! Out-of-plane 

shear stiffness scaling factor 

      layer = prop(6)                                               ! Number of layers 

      young_init  = 0.3d0                                           ! initial Young's 

Modulus Z-axis 

      G_A45         = 0.59d0 

      G_B45         = 0.07d0 

      G_A50         = 0.72d0 

      G_B50         = 0.13d0 

      G_A55         = 0.93d0 

      G_B55         = 0.13d0 

      G_A60         = 1.54d0 

      G_B60         = 0.14d0 

      icpt45        = 0.046d0 

      icpt50        = 0.043d0 

      icpt55        = 0.032d0 

      icpt60        = 0.020d0 

      posn(1)     = 0.00d0                                          !pos_xy                                  

      posn(5)     = 0.00d0                                          !pos_zy   

      posn(3)     = 0.00d0                                          !pos_zx   

C     --- Initializing Parameters                                   ! Optimized parame-

ters 

      fit_A       = fact2*0.0040d0  

      fit_B       = 16.1292d0  

      tau_1       = 7.90100288d0 

      tau_2       = 214.570458d0 

      tau_3       = 0.0558369852d0 

      a1          = fact2*0.0227905286d0 

      b1          = 16.494685d0 

      a2          = fact2*0.0986589683d0 

      b2          = 12.4436282d0 

      a3          = fact2*3.53723871d0 

      b3          = 9.99963659d0       

      IF (ldstep .EQ. 1 .AND. isubst .EQ. 1) THEN 

          ustatev(1) = 0.0d0 

          ustatev(2) = 0.0d0 

          ustatev(3) = 0.0d0 

          ustatev(4) = a1 

          ustatev(5) = a2 

          ustatev(6) = a3 

          ustatev(7) = 0.0d0 

          ustatev(8) = 0.0d0 

          ustatev(9) = 0.0d0 

      END IF 

      DO i=1,ncomp 

         sigElp(i) = stress(i) 

      END DO 

C     --- Viscoelastic Model 

      eps_dot = dStrain(3)/dTime                                    ! Strain rate 

      Vf = Vf_0/(1+Strain(3))                                       ! Loacal FVF as a 

function of Strain 

       

C     --- Expressions for repeated use 
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      IF (ldstep .EQ. 1 .AND. isubst .EQ. 1) THEN 

          j_1 = 0.0 

          j_2 = 0.0 

          j_3 = 0.0 

      ELSE 

          j_1 = (1-EXP(-dTime/tau_1))/(dTime/tau_1) 

          j_2 = (1-EXP(-dTime/tau_2))/(dTime/tau_2) 

          j_3 = (1-EXP(-dTime/tau_3))/(dTime/tau_3) 

      END IF  

C     --- calculation of strains 

      eps_1=EXP(-dTime/tau_1)*ustatev(1)+eps_dot*dTime*j_1          ! Brnach strains: 

Derived from branch stress formulations 

      eps_2=EXP(-dTime/tau_2)*ustatev(2)+eps_dot*dTime*j_2          ! Maxwell-springs 

      eps_3=EXP(-dTime/tau_3)*ustatev(3)+eps_dot*dTime*j_3 

C     --- calculation of Maxwell elements relative strains 

      ratio = SQRT(layer/ref_layer) 

      eps_1rel = ratio * (Strain(3) - eps_1)                        ! Relative branch 

strains: Maxwell-dashpots  

      eps_2rel = ratio * (Strain(3) - eps_2) 

      eps_3rel = ratio * (Strain(3) - eps_3) 

C     --- calculation of quasi-static stiffness modulus E_0 

           

      E_0 = (fit_A/Vf)*exp(fit_B*Vf**2)                             ! Nonlinear Spring 

for 1st branch: Modified from Danzi model 

      young(1)    = Vf*prop(2)                                      ! Young's Modulus 

X-axis 

      young(2)    = Vf*prop(2)                                      ! Young's Modulus 

Y-axis 

C     --- adjust in plane stiffness    

      IF (Strain(1) .LT. 0.0) THEN 

          young(1) = fact*Vf*prop(2)             

      ENDIF 

      IF (Strain(2) .LT. 0.0) THEN 

          young(2) = fact*Vf*prop(2)         

      ENDIF   

C     --- calculation of Maxwell elements stiffness E_1, E_2, E_3 

      E_1 = a1*exp(abs(eps_1rel)*b1)                                ! Maxwell Spring 

Stiffnesses: from Danzi model  

      E_2 = a2*exp(abs(eps_2rel)*b2) 

      E_3 = a3*exp(abs(eps_3rel)*b3) 

C     --- calculation of internal stress variables 

      IF (Time.EQ.0) THEN                                           ! Branch stresses  

         h_1=0                                                      ! Initial value at 

t=0 to avoid reaching singularity 

         h_2=0 

         h_3=0 

      ELSE        

         h_1= EXP(-dTime/tau_1)*ustatev(7)+(E_1*eps_dot*tau_1)      ! Branch stress 

formulations: adapted and modified  

     &   -(ustatev(4)*eps_dot*tau_1*EXP(-dTime/tau_1))              ! from Kaliske 

model 

         h_2= EXP(-dTime/tau_2)*ustatev(8)+(E_2*eps_dot*tau_2) 

     &   -(ustatev(5)*eps_dot*tau_2*EXP(-dTime/tau_2)) 

         h_3= EXP(-dTime/tau_3)*ustatev(9)+(E_3*eps_dot*tau_3) 

     &   -(ustatev(6)*eps_dot*tau_3*EXP(-dTime/tau_3)) 

      ENDIF 

C     --- calculation of Trial Stress 

      sigElp(3) = E_0*(Strain(3)+dStrain(3))+h_1+h_2+h_3            ! Viscoelastic 

stress response 

      IF (Time.EQ.0) THEN 

         young(3) = young_init 

      ELSE 

         young(3)  = sigElp(3)/(Strain(3)+dStrain(3)) 

      END IF 

c      IF (Strain(3) .GT. 0.0) THEN 

c         young(3)  = prop(5) 

c      END IF 

C-------- compute shear stiffness 

C     -----FVC less than45%--- 

      IF (Vf.LT.0.45) THEN 

          icpt = icpt45 

          IF (abs(Strain(5)+dStrain(5)).LT.icpt) THEN 

             Gyz = G_A45 

          ELSE 
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Gyz = G_B45 

END IF 

IF (abs(Strain(6)+dStrain(6)).LT.icpt) THEN 

Gzx = G_A45 

ELSE 

Gzx = G_B45 

END IF 

C -----FVC greater than45% and less than50%--- 

ELSE IF (Vf.GE.0.45 .AND. Vf.LT.0.50) THEN 

deltaVf = Vf-0.45 

icpt = icpt45 + deltaVf*(icpt50-icpt45)/0.05 

IF (abs(Strain(5)+dStrain(5)).LT.icpt) THEN 

Gyz = G_A45 + deltaVf*(G_A50-G_A45)/0.05 

ELSE 

Gyz = G_B45 + deltaVf*(G_B50-G_B45)/0.05 

END IF 

IF (abs(Strain(6)+dStrain(6)).LT.icpt) THEN 

Gzx = G_A45 + deltaVf*(G_A50-G_A45)/0.05 

ELSE 

Gzx = G_B45 + deltaVf*(G_B50-G_B45)/0.05 

END IF 

C -----FVC greater than50% and less than55%--- 

ELSE IF (Vf.GE.0.50 .AND. Vf.LT.0.55) THEN 

deltaVf = Vf-0.50 

icpt = icpt50 + deltaVf*(icpt55-icpt50)/0.05 

IF (abs(Strain(5)+dStrain(5)).LT.icpt) THEN 

Gyz = G_A50 + deltaVf*(G_A55-G_A50)/0.05 

ELSE 

Gyz = G_B50 + deltaVf*(G_B55-G_B50)/0.05 

END IF 

IF (abs(Strain(6)+dStrain(6)).LT.icpt) THEN 

Gzx = G_A50 + deltaVf*(G_A55-G_A50)/0.05 

ELSE 

Gzx = G_B50 + deltaVf*(G_B55-G_B50)/0.05 

END IF 

C -----FVC greater than55% and less than60%--- 

ELSE IF (Vf.GE.0.55 .AND. Vf.LT.0.60) THEN 

deltaVf = Vf-0.55 

icpt = icpt55 + deltaVf*(icpt60-icpt55)/0.05 

IF (abs(Strain(5)+dStrain(5)).LT.icpt) THEN 

Gyz = G_A55 + deltaVf*(G_A60-G_A55)/0.05 

ELSE 

Gyz = G_B55 + deltaVf*(G_B60-G_B55)/0.05 

END IF 

IF (abs(Strain(6)+dStrain(6)).LT.icpt) THEN 

Gzx = G_A55 + deltaVf*(G_A60-G_A55)/0.05 

ELSE 

Gzx = G_B55 + deltaVf*(G_B60-G_B55)/0.05 

END IF 

C -----FVC60%--- 

ELSE IF (Vf.GE.0.60) THEN 

icpt = icpt60 

IF (abs(Strain(5)+dStrain(5)).LT.icpt) THEN 

Gyz = G_A60 

ELSE 

Gyz = G_B60 

END IF 

IF (abs(Strain(6)+dStrain(6)).LT.icpt) THEN 

Gzx = G_A60 

ELSE 

Gzx = G_B60 

END IF 

END IF

c IF (abs(Strain(5)+dStrain(5)).LT.icpt55 ) THEN 

c Gyz = G_A55 

c ELSE 

c Gyz = G_B55 

c END IF 

c IF (abs(Strain(6)+dStrain(6)).LT.icpt55 ) THEN 

c Gzx = G_A55 

c ELSE 

c Gzx = G_B55 

c END IF   
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      dsdeEl(1,1)=young(1) 

      dsdeEl(1,2)=posn(1) 

      dsdeEl(1,3)=posn(3) 

      dsdeEl(1,4)=0 

      dsdeEl(1,5)=0 

      dsdeEl(1,6)=0 

      dsdeEl(2,2)=young(2) 

      dsdeEl(2,3)=posn(5) 

      dsdeEl(2,4)=0 

      dsdeEl(2,5)=0 

      dsdeEl(2,6)=0 

      dsdeEl(3,3)=young(3)                                          ! Ezz calculated 

from viscoelastic stress response 

      dsdeEl(3,4)=0 

      dsdeEl(3,5)=0 

      dsdeEl(3,6)=0 

      dsdeEl(4,4)=750.0d0                                           !Gxy 

      dsdeEl(4,5)=0 

      dsdeEl(4,6)=0 

      dsdeEl(5,5)=shearfact*Gyz                                     ! Gyz 

      dsdeEl(5,6)=0 

      dsdeEl(6,6)=shearfact*Gzx                                     ! Gzx 

C     --- Symmetry of the Stiffness Matrix 

      DO i=1,ncomp-1 

         DO j=i+1,ncomp 

             dsdeEl(j,i)=dsdeEl(i,j)                                ! dictating sym-

metry  

         END DO 

      END DO 

C     --- calculate the material Jacobian matrix    

      DO i= 1,ncomp 

         DO j= 1,ncomp 

             IF (i.EQ.3 .AND. i.EQ.j) THEN   

                 IF (Time.GT.0) THEN 

                     dsdePl(i,j)= E_0 +                             ! Specified Jaco-

bian in viscoelastic behavior 

     &            (E_1-(ustatev(4)*EXP(-dTime/tau_1)))/(dTime/tau_1)! for compaction 

direction (Z axis) 

     &          + (E_2-(ustatev(5)*EXP(-dTime/tau_2)))/(dTime/tau_2) 

     &          + (E_3-(ustatev(6)*EXP(-dTime/tau_3)))/(dTime/tau_3) 

                 ELSE 

                     dsdePl(i,j)= E_0 + E_1 + E_2 + E_3 

                 END IF 

             ELSE 

                 dsdePl(i,j) = dsdeEl(i,j)                          ! Specified Jaco-

bain for the remaining directions  

             END IF 

         END DO 

      END DO       

C     --- update stresses      

      stress(1)=sigElp(1)+dsdeEl(1,1)*dStrain(1) 

      stress(2)=sigElp(2)+dsdeEl(2,2)*dStrain(2) 

      stress(3)=sigElp(3) 

      stress(4)=sigElp(4)+dsdeEl(4,4)*dStrain(4) 

      stress(5)=sigElp(5)+dsdeEl(5,5)*dStrain(5) 

      stress(6)=sigElp(6)+dsdeEl(6,6)*dStrain(6) 

C     --- store state variables  

         ustatev(1) = eps_1 

         ustatev(2) = eps_2 

         ustatev(3) = eps_3 

         ustatev(4) = E_1 

         ustatev(5) = E_2 

         ustatev(6) = E_3 

         ustatev(7) = h_1 

         ustatev(8) = h_2 

         ustatev(9) = h_3 

         ustatev(10)= E_0 

         ustatev(11)= Vf 

         ustatev(12)= defGrad(1,1)-1 

         ustatev(13)= defGrad(2,2)-1 

         ustatev(14)= defGrad(3,3)-1 

         ustatev(15)= stress(1)  

         ustatev(16)= Strain(5)  

         ustatev(17)= Strain(6) 
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ustatev(18)= deltaVf 

ustatev(19)= eps_dot 

ustatev(20)= ratio 

C *** create Output ! Activate these

commands by removing comment 'C' 

C IF (isubst .eq. 1) THEN ! For exporting ad-

ditional parameters used in the 

C open (unit = 5, file = "ustatev.txt") ! material model

C WRITE (5,*) 

C &  "Time, ecs_1,ecs,2" 

C END IF 

C WRITE (5,*) Time, ecs(1), ecs(2) 

RETURN 

END
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d Implementation of the curve fitting algorithm 

The curve fitting for the derivation of the model parameters shown in Tab. 4-2 is per-

formed in two subsequent steps. First, the parameters of the free spring 𝐴 and 𝐵 are 

determined. Afterwards, the remaining parameters 𝑎𝑗, 𝑏𝑗 and 𝜏𝑗 are derived with a sec-

ond fitting step. Both fitting algorithms are implemented in Python using the opti-

mize.minimize function in the SciPy extension [276].  

Fitting of parameters 𝑨 and 𝑩 

This fitting procedure determines the parameters 𝐴 and 𝐵 by fitting Eq. (4-5) to the 

relaxed stresses of the experimental tests for different final FVC. Thus, two lists with 

the final FVC values and the corresponding relaxed stresses are needed as input.  

Fig. A-7 shows the flow chart for the parameter fitting. The stresses are calculated with 

current values for 𝐴 and 𝐵 using Eq. (4-5). These stresses are subtracted from the relaxed 

experimental stresses defined in the input. The function optimize.minimize is used to 

minimize this difference in order to find the optimum values for 𝐴 and 𝐵. Nelder-Mead 

method with a maximum number of iterations of 10000 is used for the optimization.  
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Fig. A-7: Flow chart for the fitting of parameters 𝑨 and 𝑩 in the free spring the viscous exp 

model. 

Fitting of parameters 𝒂𝒋, 𝒃𝒋 and 𝝉𝒋 

The remaining fitting parameters 𝑎𝑗, 𝑏𝑗 and 𝜏𝑗 for each branch 𝑗 of the viscous 

𝑒𝑥𝑝 𝑚𝑜𝑑𝑒𝑙 are derived with a very similar approach. However, the optimization with 

nine different parameters in case of a three-branch model is significantly more compu-

tationally expensive. The approach is depicted in the flow chart shown in Fig. A-8. Con-

trary to the fitting of single values in the previous section, this algorithm utilizes the 

whole stress history to find the optimum parameters. For this purpose, the script reads 

in the experimental stress data for each configuration. Stresses at each time step are 

saved in .csv files including the final FVC and the compaction velocity of the respective 

configuration. Afterwards, the stresses of the model are calculated according to Eq. 

(4-3),(4-4) and (4-5) for the same points in time experimental data was read in. Having 

model data and experimental data for the same points in time, facilitates the curve fitting, 

because data interpolation is not necessary. The square difference between experimental 

stress and model stress is calculated for each data point in time and normalized according 

to Eq. (4-1). Eq. (4-2) then allows calculating the total stress difference 𝜆𝑡𝑜𝑡 considering 
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all selected configurations. The optimizer minimizes the 𝜆𝑡𝑜𝑡 which represents the nor-

malized area between experimental curves and model curves. For this fitting procedure, 

the basin-hopping procedure method was used. This two-phase method was developed 

to find the global minimum for complex problems [277]. SLSQP method was used as 

minimization method inside the basin-hopping with a maximum of 10000 iterations. 200 

basin-hopping iterations showed satisfactory results with this method.  

Fig. A-8: Flow chart for the fitting of parameters 𝒂𝒋, 𝒃𝒋 and 𝝉𝒋 of the viscous exp model.
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e Tool-preform friction characterization 

This appendix shows the results of all friction experiments performed to characterize the 

tool-preform interface. The experiments were performed for the following configura-

tions: 

• 0° orientation and 1 mm/min speed

• 0° orientation and 10 mm/min speed

• 90° orientation and 10 mm/min speed

The individual tests were named according the nomenclature “orientation-speed-number 

of additional weights-test repetition”. The number of additional weights ranges from   

to 4 and the number of repetitions from 1 to 6 for each configuration. Fig. A-9 shows 

how the orientation of the layers is defined for the friction experiments. An experiment 

in 0° direction means the material is pulled in the direction of the four warp yarns of the 

satin weave.  

Fig. A-9: Definition of the orientation for the friction experiments. 

In Fig. A-10, Fig. A-11 and Fig. A-12 outliers are not included. These outliers were 

mostly a result of loosened fibers or fiber bundles perpendicular to the pulling direction 

accumulating under the specimen. This fiber accumulation caused significantly higher 

pulling forces during the experiments. Another reason for outliers was a damage in tex-

tile occurring while fixing the specimen on the sled. 

The friction force for each repetition was evaluated from the point, the sled started to 

move until a displacement of 10 mm. A mean value and scatter were calculated for all 

force values during the movement of the sled. Afterwards a total mean value and scatter 

was derived from all repetitions of one configuration. These total mean values were used 

to calculate the friction coefficient according to Eq. (2-1). 
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Fig. A-10: Results of the friction characterization with 0° orientation and 1 mm/min speed: 

(a) zero additional weights; (b) one additional weight; (c) two additional weights; 

(d) three additional weights; (e) four additional weights. 
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Fig. A-11: Results of the friction characterization with 0° orientation and 10 mm/min speed: 

(a) zero additional weights; (b) one additional weight; (c) two additional weights; 

(d) three additional weights; (e) four additional weights. 
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Fig. A-12: Results of the friction characterization with 90° orientation and 10 mm/min speed: 

(a) zero additional weights; (b) one additional weight; (c) two additional weights; 

(d) three additional weights; (e) four additional weights. 
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B Publications 

Scientific journal papers 

[P1] Bublitz D, Colin D, Drechsler K. Implementation of a viscoelastic material 

model to predict the compaction response of dry carbon fiber preforms. Com-

posites Part A: Applied Science and Manufacturing 2021;42(4):106718. 

[P2] Etchegaray Bello M, Engelhardt R, Bublitz D, Drechsler K. Lab-scale experi-

mental analysis of the cyclic compaction-recovery characteristics of uncured 

thermoset prepreg. Advanced Manufacturing: Polymer and Composites Science 

2022 

[P3] Bublitz D, Thalhamer A, Schwöller J, Faron D, Colin D, Drechsler K. Chaining 

of Compaction with Flow Simulations to Predict the Filling Behavior in Resin 

Transfer Molding Processes. Materials Science Forum 2022; Volume 1060 

MSF, 121 – 126 

[P4] Matschinski A, Bublitz D, Ihring T, Chen C, Grandl S, Schneider K, Pearce G, 

Drechsler K. Optimization of Continuous Fiber Path Planning for an Additively 

Manufactured Open-Hole Specimen. Materials Science Forum 2022; Volume 

1060 MSF, 127 - 132 

Confereneces 

[C1] Bublitz D, Angstl M, Colin D, Drechsler K. Implementation of a viscoelastic 

material model to predict the compaction behavior of dry carbon fiber preforms. 

in 30th SICOMP Conference - Manufacturing and Design of Composites, 

Trollhättan, Sweden, 2021. 

[C2] Bublitz D, Vollmer M, Nusser F. A novel method for the evaluation of com-

pression RTM process simulations. ESI Forum in Germany 2019, Berlin, Ger-

many, 2019 

[C3] Bublitz D, Angstl M, Colin D, Drechsler K. A novel method for the characteri-

zation of out-of-plane shear stiffness for dry carbon fiber preforms. in SAMPE 

Europe Conference 2021, Baden/Zürich, Switzerland, 2021. 

[C4] Vollmer M, Nusser F, Bublitz D, Baumann H, Graßl L, Zaremba S, Drechsler 

K. Increasing process robustness of the compression resin transfer molding pro-

cess by reducing edge race-tracking. in SAMPE Europe Conference 2021, Ba-

den/Zürich, Switzerland, 2021.

[C5] Bublitz D, Rahman M, Schwöller J, Geschwandtner V, Drechsler K. Towards 

a three-dimensional compaction model for non-planar geometries. in SAMPE 

Europe Conference 2022, Hamburg, Germany, 2022. 



216 Publications 

 

[C6] Steinhardt M, Böckl B, Denk A, Techmer D, Bublitz D, Drechsler K. Develop-

ment of an experimental setup to determine the permeability of a single tow. in 

ECCM 20, Lausanne, Switzerland, 2022 

[C7] Seidel A, Khudiakova A, Bublitz D, Drechsler K. Numerical Simulation of Mi-

croscale Crack Propagation in Glass-Epoxy Composites Using Discrete Fibres, 

Matrix and Inter face. in ECCM 20, Lausanne, Switzerland, 2022 

[C8] Schauer C, Ongaki B, Bublitz D, Drechsler K. Influence of the Binder on Com-

paction, Shear and Friction for Carbon Fiber Preforms in the RTM-Process. in 

CAMX 2022, Anaheim, California USA, 2022 
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C Supervised student theses 

The following student theses were written under my supervision during my employment 

at the TUM Chair of Carbon Composites: 

 

[S1] Weis P. “Entwicklung einer Auslegungsmethodik für Faserverbundquerblattfe-

dern mit Radführungseigenschaften”, Master’s Thesis in cooperation with For-

ward Engineering GmbH, Chair of Carbon Composites, TUM, 2018. 

[S2] Schletterer M. “ Implementierung eines Materialmodells für die Kompaktierung 

von Preforms im RTM-Prozess für Luftfahrtanwendungen”, Bachelor’s Thesis, 

Chair of Carbon Composites, TUM, 2018. 

[S3] Angstl M. “Modellierung der Kompaktierung von Preforms im RTM-Prozess 

für die Anwendung in der Luftfahrtindustrie”, Bachelor’s Thesis, Chair of Car-

bon Composites, TUM, 2018. 

[S4] Eberhardt P. “Calibration of a hyper viscoelastic material model for the com-

paction behaviour of preimpregnated carbon fibres”, Bachelor’s Thesis, Chair 

of Carbon Composites, TUM, 2018. 

[S5] Ordóñez  B. “Porosity Study of Carbon-Epoxy Prepreg Laminates through 

Materialography and X-ray Microtomography”, Term project, Chair of Carbon 

Composites, TUM, 2019. 

[S6] Li S. “Entwicklung eines Werkzeugdesignprozesses für Hochtemperatur RTM-

Verfahren in der Luftfahrt”, Term project, Chair of Carbon Composites, TUM, 

2018. 

[S7] Nusser F. “Simulative Comparison Study of Filling Behavior during RTM and 

CRTM Process at Occurring Race Tracking: Development of the Study Ap-

proach, Data Basis and Evaluation Method”, Master’s Thesis, Chair of Carbon 

Composites, TUM, 2019. 

[S8] Thalhamer A. “Virtual modelling of the filling behavior in the RTM-process for 

the manufacturing of jet engine components”, Master’s Thesis, Chair of Carbon 

Composites, TUM, 2019. 

[S9] Rahman M. “Viscoelastic Material Modeling and FEA of Compaction Behavior 

of Carbon Fiber Pre-forms during the RTM Process”, Master’s Thesis, Chair of 

Carbon Composites, TUM, 2019. 

[S10] Angstl M. “ Experimentelle Charakterisierung des Kompaktierungsverhaltens 

von trockenen Kohlenstofffasergeweben ”, Term project, Chair of Carbon Com-

posites, TUM, 2019. 
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[S11] Schletterer M. “Materialcharakterisierung von Silikon zur Weiterentwicklung 

eines Finite Elemente Mo-dells für einen Fiber Patch Placement Greifer”, Term 

project in cooperation with Cevotec GmbH, Chair of Carbon Composites, TUM, 

2020. 

[S12] Schwöller J. “Simulation of the Compaction Behavior of Carbon Fiber Preforms 

during the RTM Process”, Master’s Thesis, Chair of Carbon Composites, TUM, 

2020. 

[S13] Faron  . “Virtual Development of an RTM Filling Strategy and Coupling of 

Compaction and Filling Simulations for the Manufacturing of Jet Engine Com-

ponents”, Term project, Chair of Carbon Composites, TUM, 2020. 

[S14] Schletterer M. “Entwicklung einer neuartigen Methode zur Messung des Schubs 

in Carbonfasergeweben”, Master’s Thesis, Chair of Carbon Composites, TUM, 

2021. 

[S15] Geschwandtner V. “Charakterisierung der Reibwerte von Carbonfaserpreforms 

für die Verwendung in Prozesssimulationen”, Bachelor’s Thesis, Chair of Car-

bon Composites, TUM, 2021. 

[S16] Kaustubh. “Development of a computational efficient model for the simulation 

of the compaction of carbon fiber preforms”, Term project, Chair of Carbon 

Composites, TUM, 2021. 

[S17] Varsha Kannan P. “Viscoelastic Material Modeling and FEA of Compaction 

Behavior of Carbon Fiber Pre-forms during the RTM Process”, Master’s Thesis, 

Chair of Carbon Composites, TUM, 2022. 

Parts of the above listed theses contributed to the underlying doctoral dissertation, as 

indicated in the text. 




