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Nonwoven fabrics are composed of groups of randomly oriented fibers bonded at multiple 

locations. The properties of nonwoven fabrics are highly affected by fiber selection, fiber 

orientation, and bond strength. The properties of nonwovens could be affected during the 

manufacturing process where the fabrics are subjected to rapid loading or from common 

applications like automotive and aerospace. Most nonwoven products are subjected to a variety of 

loading rates ranging from low-speed quasi-static loads to high-speed dynamic loads during their 

life cycles. This can be seen when nonwovens fabrics are stretched abruptly during motion. 

Investigating the nonwoven fabrics response to a wide range of loading rates is critical to improve 

the design of nonwoven products and optimize their fabrication process to ensure high quality 

during rapid manufacturing. A detailed study is proposed to address the disparity in nonwoven 

characterization to elucidate the relationship between loading-induced fiber reorientation and 

effective mechanical properties at different loading rates. The goal of this study is to understand 

the influence of loading rate on the mechanical behavior of nonwovens and identify when 

transitions in failure modes occur, and the underlying mechanisms associated with these 

transitions. 

The polypropylene samples are carded and thermally bonded with basis weights of 20 gsm and 30 

gsm. The samples are tested in the machine direction (MD) and cross direction (CD). Three groups 

of samples with a diamond-shaped bonding pattern, a rectangular-shaped bonding pattern, and a 

circular-shaped bonding are studied. The tensile response of nonwovens is investigated at different 

loading rates: low strain rate (10-3 and 10-2 strain/s), intermediate strain rates (0.1 and 1 strain/s), 

and high strain rates tests (100 to 400 strain/s) by means of Instron 5802 universal testing machine 



and Split-Hopkinson tension bars. A low-speed camera and LED lighting are used to monitor 

deformation during the quasi-static test. In dynamic experiments, a high-speed camera of 100,000 

fps and high-intensity LED lightings are utilized to track the motion and orientation of fibers 

during deformation. The role of the fiber parameters such as fiber orientation, basis weight on the 

mechanical behavior, and the transitions in failure modes is investigated. Rate-dependent results 

from quasi-static and dynamic testing of polypropylene fabrics show that increasing strain rate 

would lead to a drastic increase in the strength and modulus accompanied by a reduction in failure 

strain. Higher basis weight samples with higher fiber volume show higher rate-dependent 

properties across all loading rates and fiber orientations. 

Also, the specimens with the diamond bond patterns show higher strength than the specimens with 

rectangular and circular bonds. This is because of the higher fraction of area covered by the bond 

points in the samples with diamond bonds. However, the specimens with the rectangular and 

circular bonding patterns show a higher ability to undergo large failure strains across low and 

intermediate strain rates than the specimens with the diamond bonding pattern. 

The anisotropy of tensile properties has been investigated. This includes the analysis of the tensile 

strength MD/CD ratio, failure strain MD/CD ratio, and modulus MD/CD ratio. Results from 

measuring the anisotropy in tensile properties show that the specimens tend to have higher 

anisotropy in strength as the loading rate increases. However, a reduction in the failure strain 

anisotropy is observed at intermediate strain rates. 

The dynamic results of fabrics tested at 100 to 400 strain/s show ductile to brittle transition in the 

material failure mechanisms. Results further show fiber breakage, fiber fracture zones, fiber 

disentanglement, and brittle fracture as the most common damage modes at high loading rates. 



Dynamic stress-strain response shows a significant increase in the strength  and modulus 

accompanied by a massive reduction in the failure strain at higher rates.  

Digital image correlation (DIC) analysis shows that strain localization occurs at different locations 

on the specimens, and the localization increases as the sample approaches the maximum failure 

strain. DIC results further shows that at higher loading rates, more strain localization appear on 

the surface of the specimens. Moreover, DIC also shows that more strain localization are observed 

when testing in the CD direction due to reorientation.  

The overarching goal of this work established a framework for characterizing and understanding 

the rate-dependent properties of nonwovens, that could help to elucidate why certain nonwovens 

fail under rapid production. The analysis provided in this work helped to shed light on some of the 

fundamental properties of rate-dependent behavior of thin deformable nonwovens. This included 

a foundational shift in the way rate dependent properties are estimated as they cannot simply be 

logarithmically scaled. Through studying the role of the critical nonwoven structural parameters, 

suggestions on maintaining high mechanical properties at a reduced basis weight are provided. 

This results in lighter and lower cost nonwoven products with enhanced mechanical properties. 

This knowledge and testing methodology will provide an opportunity to optimize and speed up the 

manufacturing processes, based on the new knowledge gained from this work.  
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CHAPTER 1: Introduction 

1.1. Introduction to Nonwoven Fabrics 

Nonwoven materials are among the most commonly used materials in daily life. The nonwoven 

fabric is composed of a group of randomly oriented fibers that are bonded at multiple locations 

and combined by a variety of means with the exception of knitting and weaving. Nonwoven 

properties are highly affected by fiber selection, fiber orientation distribution, fiber network 

density, and bonding strength and quality. The unique properties of nonwovens and their cost-

effective manufacturing processes allowed their market size to grow exponentially. Moreover, 

these unique aspects make nonwovens highly desired in many applications ranging from simple 

daily applications such as diapers and wipes to acoustic control and air filters in heavy-duty 

industries such as aerospace and automotive. Section 1.2. discusses the most common applications 

and products of nonwovens. 

1.2. Nonwoven Products and Applications 

Nonwoven applications are typically determined by the life cycle of the product. The short life, 

disposal, and single-use products include face masks, diapers, sanitary napkins, disinfecting wipes, 

surgical gowns, filters, fabric softener substrates, and oil and chemical sorbents.  

The long-life, multiple-use, and durable nonwoven products include geotextiles, furnishing and 

bedding construction, battery separators, floor covering, ballistic protective clothing, acoustic 

control in automotive and aerospace.  

According to the European Disposables and Nonwovens Association (EDANA), the main 

nonwoven products with the highest market share based on the production volume are absorbent 

hygiene products (33%), followed by building roofing materials, and personal care products [1]. 

Table 1. 1 shows the market share of various nonwoven products.  
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Table 1.1: World Nonwoven Production by Application [1]  

 

1.3. Manufacturing of Nonwovens 

Knowing the different manufacturing techniques of nonwovens plays an essential role in 

understanding their mechanical properties. According to Russel [2], the manufacturing process of 

nonwovens consists of four main stages. They are web forming, web manipulation, web bonding, 

and fabric finishing as shown in Fig 1.1. 
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Figure 1.1: Nonwovens Manufacturing Stages 

1.3.1. Web Forming 

Web forming is conducted to assemble random fibers to make a homogenous web with uniform 

characteristics. The most common types of web forming processes are wet-laid, dry-laid, and spun-

laid. In the wet-laid process, the fibers are suspended in water and a papermaking machine is used 

to combine them into a fabric web (Fig 1.2a). The wet fibers are placed and drained on a moving 

belt system to form a web. The web is then drawn between two moving rolls for further 

dehumidification process. The resulting web has a uniform strength in all directions in the plane 

of the fabric.  
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In the dry-laid process, fibers are either carded or air-laid in the process of making a web. Both 

carding and air-laying have different fiber deposition methods, resulting in different orientation 

distributions of fibers.  

In the carding process (Fig 1.2b), short and stable fibers are fed to the carding machine and passed 

through fast-moving rolls to separate fiber bundles and rearrangement and form them into a 

uniform fibrous web. In the airlay process (Fig 1.2c), airflow is used to deposit the fibers with 

random orientation on a moving screen to form a web. In the spun-laid process (Fig 1.2d), polymer 

particles are melted, then extruded through the spinnerets, and then cooled and deposited on a 

moving screen, forming the batt.  

 

Figure 1.2: Nonwovens web forming processes: (a) wet-lay process (b) carding process  

(c) air-lay (d) spun-lay [3] 

1.3.2. Web Manipulation 

In this stage, the fibers are distributed to meet the geometrical requirements of the nonwoven 

product. Some examples of web manipulation include spreading, scrambling, crimping, and other 

types.  
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1.3.3. Web Bonding 

Web bonding is performed to increase the strength of the formed fibers and make them ready for 

practical use. The choice of web bonding process affects the strength, stiffness, fiber orientation 

and other web properties. Examples of web bonding processes include thermal bonding, chemical 

bonding, and mechanical entanglement. 

In the thermal bonding process, fibers are heated and melted to create the bond points. Fibers are 

then extruded through hot rolls and then cooled slowly. Fig 1.3 shows the process of thermal 

bonding. This results in a fibrous web with multiple bond points as seen in Fig 1.3. 

Based on how the heating process is applied, the thermal bonding process can be classified. 

Calendar bonding in which the fiber web is inserted into the nip of the calendar and heat is 

transferred to the fibers by conduction. Other types of thermal bonding include through-air 

bonding and infrared bonding, whereby the heat is transferred by convection and radiation, 

respectively.  

Previous work showed a direct relationship between bond point strength and bonding temperature 

[4]. The bond point strength increases as a function of temperature until it reaches a peak value, 

after which the bond point strength starts to decrease. High temperatures can lead to disorientation 

of fibers because the long polymers chain would experience relaxation at high temperatures. 

Studies further indicated that bonding temperature plays a critical role in failure mechanisms of 

the fabric [4,5]. Other work [6-8] showed that in thermally bonded nonwovens, the morphology 

change is limited for the bridging fibers (Fig 1.3) due to insufficient heating. The insufficient 

heating below relaxation temperature causes morphology change. 
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Figure 1.3: Thermal Calendar Bonding of Nonwovens [8] 

Another common type of web bonding is chemical bonding, in which an adhesive binder is used 

to join polymeric fibers together, resulting in unique properties of nonwovens. The adhesive 

binders are normally in the form of polymer dispersions or polymer solutions. The solutions are 

predominantly water-based but some powdered adhesives, foams and organic solvent solutions are 

also used. The fibers are then dried and cured at temperatures above 150 °C , resulting in a fibrous 

web with bond points at multiple locations.  

Another important bonding technique is mechanical bonding which mainly relies on mechanical 

equipment to join the fibers instead of chemical and thermal methods. The entanglement of fibers 

creates an inter-fiber friction, resulting in a better overall strength of the web. The most common 

types of mechanical bonding are needle punching and hydroentanglement (Fig 1.4).  
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Figure 1.4: Mechanical bonding (a) needle punching process (b) hydroentanglement 

process [9] 

1.3.4. Web finishing 

Web finishing is a final step in the manufacturing process of nonwovens. Typically, 

manufacturers conduct this to tailor specific needs requested by customers, including 

functionality and appearance. Coating, dying, and texture changes of the fabric are 

performed during the finishing process. Web finishing techniques can be used to modify 

the surface properties of nonwovens too meet the industrial demand.  

1.4 Nonwovens Structural Elements 

To clearly define the structure of a nonwoven material, a distinguished set of critical elements must 

be identified. Fig 1.5 shows a schematic of the essential structural elements of nonwoven fabrics. 

Some vital elements are the following: 

1.4.1. Basis Weight 

The basis weight is defined as the weight of a unit area of fabrics. The basis weight is indicative 

of the volume of fibers. It directly affects the mechanical properties of nonwovens such that the 

higher basis weight, the higher strength, and lower permeability. Therefore, the correct choice of 

basis weight is imperative. The target basis weight of nonwovens is determined by the  

performance requirements of the different industries. According to the Nonwovens Institute 
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(NWI), most soft nonwoven products including hygiene products, wipes, filters, and others, the 

basis weight is desired to be around 10-20 gsm [10]. Moreover, in medical nonwoven products 

such as gowns, surgical drapes, and masks, a basis weight of 30-60 gsm is suggested [10].  

In the case of heavy-duty applications such as protective ballistic clothing, automotive, and 

aerospace applications, a basis weight of 80-120 gsm is strongly recommended [10]. Although the 

lower basis weight could negatively affect the mechanical performance of nonwoven products, it 

results in lighter and more economical nonwoven webs. This is particularly desirable in high-

demand applications such as diapers and masks.  

 

Figure 1.5: Nonwoven Structural Elements  
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1.4.2. Fiber Orientation Distribution 

Several mechanical properties are highly influenced by the orientation distribution of fibers (ODF), 

such as stress-strain behavior, stiffness, tenacity, and energy abruption capability [11-14]. The 

ODF is a histogram that shows the angles at which the fibers are oriented with respect to a reference 

point. A typical ODF histogram is shown in Fig 1.6. 

The direction in which the fabric is being produced by the machine is referred to as machine 

direction (MD). The direction perpendicular to the machine direction is referred to as cross 

direction (CD). Fig 1.7 shows the machine and cross directions for a nonwoven fabric.  

 

Figure 1.6: Orientation distribution of fibers [15] 



   

10 

 

 

Figure 1.7: Machine and Cross Directions [16] 

 

Moreover, the web forming process affects the orientation distribution of fibers. The most common 

web forming techniques such as Spun bonding, Meltblown, Airlaid, and Wetlaid produce webs 

with randomly oriented fibers. Other processes such as carding & crosslapping produce fibers that 

are more oriented in the machine direction (MD).  

The carding process mostly results in highly oriented specimens in the machine direction [17]. The 

production speed of carding is very high in comparison to other web forming technologies. The 

relationship between fiber orientation and web forming technologies is described in Fig 1.8. Given 

the high production speed during carding, this work solely focuses on the influence of loading rate 

on the mechanical behavior of carded samples.   
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Figure 1.8: Relationship between web forming technology and the orientation distribution of 

fibers 

1.4.3. Fiber Thickness and Diameter 

Changing the fiber thickness and diameter directly affects the properties of nonwoven fabrics such 

as softness, porosity, and absorption. The higher the fiber diameter the higher the bending rigidity 

and torsional resistance. However, finer fibers are desired in applications where high specific 

surfaces, more cohesion, and less slippage are required. It has also been found that finer fibers help 

produce high light reflection.   

1.4.4.  Solidity 

The solidity of fibers is the ratio between the volume of the fiber and the volume of the nonwoven 

web. It has been found that the fibers with higher solidity have lower air permeability, lower 

porosity, and better filtration efficiency.  

1.5 Mechanical Behavior of Nonwoven fabrics 

Nonwoven fabrics are composed of groups of randomly oriented fibers bonded in multiple 

locations, making them susceptible to changes in material properties. The change in the properties 
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of nonwovens could occur during the manufacturing process where the fabrics are subjected to 

rapid loading or from heavy-duty applications like ballistic applications, automotive, and 

aerospace. Most nonwoven products are subjected to a variety of loading rates ranging from low-

speed quasi-static loads to high-speed dynamic loads during their life cycles. For instance, this can 

be seen in cloths being stretched during sport activities, or, in diapers where the polypropylene 

tabs are abruptly pulled when a baby is moving. Investigating the nonwovens response to a wide 

range of loading rates is therefore critical to improve the design of nonwoven products and 

optimize their fabrication process to ensure the highest quality during the rapid manufacturing 

processes.  

Cost-effective manufacturing techniques of nonwoven materials require rapid processing at high 

loading rates. For instance, US20140276517A1 describes a method for manufacturing extensile 

nonwoven fabrics which experience a strain rate of up to 200 strains per second during carding 

and spun bonding. US7578317 describes the high-speed spun-bond production of nonwoven 

fabrics at greater than 1,000 feet per minute when the fibers pass through the roll. Another 

technique described in US6740184B2 has manufacturing speeds up to 1,200 feet per minute when 

the fibers pass through the moving rolls. US7981226B2 is a specific type of high-strength 

nonwoven material that is mentioned as having the ability to withstand high loading rates. 

US7438777B2 is a bicomponent spun-bonded fiber manufactured in a high-speed spun bonding 

process. US7060344B2 is a three-dimensional molded structure made of Polyethylene 

terephthalate and polypropylene that could be used in crashes and impacts.  

Understanding rate-dependent material properties would help determine why certain nonwoven 

fabric keeps failing in production and provide opportunities to speed up the manufacturing process. 

Therefore, it is critical to know how the mechanical behavior of nonwovens changes at high 
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loading rates during their manufacturing processes. Furthermore, the types of failure mechanisms 

associated with the manufacturing process, and how do those failure mechanisms change when the 

loading rate increases must be investigated. 

When nonwoven materials are subjected to rapid loading in dynamic applications, the structural 

behaviour is significantly compromised due to the high energy absorbed [18-20].The mechanical 

properties of the fibers have a significant impact on both nonwovens performance and damage 

mechanisms. Moreover, in particular fibrous materials, the loading rate plays a vital role in 

drastically changing the mechanical properties. This is attributed to the inability of fibers to realign 

after deformation, leading to a ductile-to-brittle transition. Fig 1.9 illustrates the most common 

fibers with very high mechanical performance under tensile loading.  

 

Figure 1.9: Ashby plot comparing mechanical properties of high-performance fibers [21] 
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Previous research in the literature has been devoted to analyzing the rate-dependent properties of 

fibrous materials, mostly low-strain rate tests and quasi-static tensile tests [22-24]. 

Rodriguez et al. [3] tested the tensile properties of polypropylene nonwoven fabrics at low and 

intermediate strain rates (Fig 1.10). Results showed higher strength at higher loading rates. Also, 

the failure strain is reduced when changing from quasi-static to intermediate rates. 

 

Figure 1.10: Mechanical properties of polypropylene fabrics [3] 
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Demirci et al. [25] emphasized the effect of fiber orientation on the quasi-static mechanical 

behavior of nonwovens. They proposed a method to estimate the mechanical properties of 

thermally bonded nonwovens based on the fiber orientation and other manufacturing parameters.  

Kim et al. [26] showed that the change of failure modes in bonded nonwovens is directly related 

to the orientation of fibers. They observed that specimens tested in CD direction undergo high 

stress concentrations and shear deformations at the fiber-bond interface. Martínez-Hergueta et al. 

[27] investigated the effect of fiber orientation distribution function (ODF) on needle-punched 

nonwovens. They found a significant increase in strength limit and energy absorption capability 

for isotropic fibers. However, the performance decreased when the fibers were oriented in the 

structure. The previous work highlighted the importance of investigating the interaction between 

fibers and bond points in nonwoven materials.  

Other studies [28-31] investigated the effect of the strain rate on aramid and polyethylene woven 

and unidirectional composites. They found a remarkable increase in the tensile strength at high 

strain rates for all fabrics tested (Fig 1.11).  

 

Figure 1.11: Tensile strength versus strain rate for woven and unidirectional fabrics [28]  
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Furthermore, other studies focused on the dynamic tensile properties measured from single fiber 

testing of woven fabrics. Shim et al. [32] observed that the woven specimens with aramid fiber fail 

in a more brittle fashion as the strain rate increases; thus, implying a great reduction in the amount 

of energy absorbed at high strain rates (Fig 1.12). 

 

Figure 1.12: Dynamic mechanical properties of PPTA based yarn [32]  

Zhu et al. [33] (Fig 1.13) demonstrate how high strain rates affect the mechanical properties of a 

Kevlar 49 single yarn. The results showed that regardless of the single fiber length, an 

improvement has been observed to the single fiber mechanical properties as the loading rate 

increases.  
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Figure 1.13: Dynamic mechanical properties of Kevlar 49 single yarn [33] 

 

Another work by Li et al. [34] demonstrated the dynamic compressive behavior of UHMWPE 

nonwoven composites (Fig 1.14). They concluded that at higher loading rates the compressive 

strength increased while a reduction in the failure strain is observed.  

 

Figure 1.14: Dynamic compressive behavior of UHMPE nonwovens [34] 
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Another work by Sozumert et al. [35] discussed the damage evolution during tensile loading of 

notched and unnotched nonwoven specimens (Fig 1.15). Notched specimens showed a 

significantly greater damage area. Although the notch length is less than 10 % of the sample length, 

it led to a catastrophic failure, indicating that the voids in a defected samples or any damage during 

the manufacturing process could drastically affect the mechanical behavior and the failure 

mechanisms. Another work by Garmabi et al. [36] studied the damage mechanisms of nonwoven 

fabrics. Their work showed that the dominant damage mechanisms of nonwovens are initial 

rotation and alignment of the fibers in the direction of the load followed by a fiber breakage at the 

bond periphery upon reaching strain or stress thresholds. However, the work in [36] only focuses 

on the micromechanical behavior of nonwovens when they are subjected to very low rates. 

 

Figure 1.15: Damage evolution of notched and unnotched nonwoven specimens [36] 
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Experimental studies provide more accurate results than most numerical models due to the 

complexity modeling the dynamic behavior and complex damage mechanisms in nonwovens. 

However, most experiments require specialized tools particularly when testing materials with 

complex structures. Researchers in the literature have utilized numerical methods to investigate 

the mechanical behavior of nonwovens. The use of the finite element method (FEM) in analyzing 

the stresses and strains change with time has shown several advantages with excellent accuracy 

[37]. However, applying FEM on fibrous structures is more challenging due to the difficulty in 

representing the random nonwoven structure and the nonlinear behavior of fibers. Demirci et al. 

[25,38] proposed a numerical tool with a graphical user interface (GUI) that incorporates the 

orientation distribution of fiber (ODF) obtained from SEM images of high-density nonwoven 

specimens. Their numerical analysis tool is shown in Fig 1.16.  

 

Figure 1.16: GUI of Nonwoven Materials Anisotropy software [38] 
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Silberstein et al. [39] suggested a model based on a representative volume element (RVE) to 

predict the macroscopic behavior of nonwoven fabrics. However, this model did not take into 

account the localization and the microstructural behavior of the fabric. Gao et al. [40] proposed a 

numerical model based on the classical laminate theory and treated the fibrous network of 

nonwovens as an orthotropic composite material using ABAQUS FEM software package. Their 

model showed an approximate agreement with the experimental data (Fig 1.17). However, the 

composite model presented in [40] assumes oriented laminate structure and didn’t account for 

actual fiber distribution. Also, the continuous nature of the model could not include the 

discontinuous and non-uniform microstructure of the material. 

Figure 1.17: FEM vs Experimental results (a) MD specimens (b) CD specimens [40] 

Sun et al. [41] introduced a user-defined subroutine VUMAT into ABAQUS software. The 

samples tested were needle-punched polypropylene nonwoven fabrics. Their results showed good 

agreement with experiments (Fig 1.18).  
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Figure 1.18: FEM vs Experimental results on Needle-Punched Polypropylene  

Farukh et al. [8, 42-44] proposed a computational tool to analyze the deformation behavior of 

thermally bonded nonwovens (Fig 1.19). They predicted the distribution of stresses in fibers and 

bond points showing the critical role of fibers in determining the material behavior. Results showed 

high stress concentration at the edges of the bond points. Failure criteria, orientation distribution 

function, plastic strain, and other values are obtained from the experiments. Several observations 

are made based on the model results. The fiber reorientation occurred in the direction of loading; 

this was very clear, especially in the case of samples tested in the cross direction (CD). This is due 

to fibers bending at the fiber-bond interface creating high stress concentrations at the interface. As 

the sample is deformed, the progressive failure resulted in fracture zones. Moreover, strain 

concertation around the edges of bond points was also observed. Those results are shown in Fig 

1.20 and Fig 1.21.  
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Figure 1.19: Deformed specimens experiment and simulations of (a) MD samples (b) 

CD samples [42] 
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Figure 1.20: (a) Experimental results for fabric subjected to uniaxial tension along MD 

to various extensions: (i) 25%; (ii) 50%; (iii) 75%; (iv) 100%; (v) 150%; (vi) 190%; (b) 

corresponding FE model results for equivalent (von Mises) stresses in (MPa) [42] 
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Figure 1.21: (a) Experimental results for fabric subjected to uniaxial tension along CD to 

various extensions: (i) 25%; (ii) 50%; (iii) 75%; (iv) 100%; (v) 150%; (vi) 190%; (b) 

corresponding FE model results for equivalent (von Mises) stresses in (MPa) [42] 
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A further study was conducted by Hou et al. [45] to investigate the micromechanical damage 

response of nonwoven structures using continuous and discrete finite element models. Although 

the continuous element mode (Fig 1.22) shows the macromechanical response of nonwoven fabrics 

loaded in both MD (Fig 1.22a) and CD (Fig 1.22b) directions, it does not provide insights into the 

micromechanical behavior of the nonwoven specimens.  

 

Figure 1.22: Deformed continuous FEA models: (a) machine direction; (b) cross 

direction [45] 
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Figure 1.23: Deformed discontinuous models: (a) machine direction; (b) cross direction 

[45] 

Results from Fig 1.23 show that to simulate the nonwoven micromechanical properties accurately, 

a much more complex model that accounts for their fibrous structure and damage behavior must 

be developed. The results from the discrete model (Fig 1.23) allow the understanding of the 

nonlinear behavior of nonwovens as the properties of fibers were directly incorporated into the 
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model. This suggests that discrete models provide a more accurate representation of nonwoven’s 

complex structure.  

The previous models discussed in this chapter are useful tool to understand nonwovens mechanical 

behavior and damage mechanism. However, when investigating the mechanical properties of 

nonwovens, the significant variation from sample to sample must be considered. Therefore, it is 

very important to validate the model with experimental analysis. Performing experiments is 

important to address disparity in nonwoven characterization and to elucidate the relationship 

between nonwoven structural parameters and the effective mechanical properties at different 

loading rates.  

Although the previous experimental investigations in the literature have discussed the rate-

dependent behavior of fabrics, most of these studies focused on yarns extracted from woven and 

unidirectional fabrics. There exists a research gap in understanding the dynamic behavior for 

traditional nonwoven fabrics. Therefore, in this work an experimental investigation has been 

conducted to characterize the rate-dependent properties of nonwovens at a wide range of loading 

rates. Furthermore, this work particularly targeting carded thermal bonded polypropylene 

nonwovens due to following reasons: 1. Polypropylene fibers make 65% of the nonwoven products 

in the market. 2. The high-speed carding process produce fabrics highly oriented in machine 

direction with high tensile strength. 3. In the thermal bonding process the fabrics are extruded 

through fast-moving hot rolls resulting in high strain rates.  

Moreover, to the best of the authors knowledge, despite the importance of nonwoven structural 

parameters, no work has reported their influence on the rate dependent properties when subjected 

to high loading rates from the high-speed production. 
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1.5 Research hypothesis and objectives  

Previous research efforts has focused on simple linear scaling laws based on assumptions and 

observations from low strain rate tests. Based on their observation and conclusions, the researchers 

assume they can predict the response at dynamic loading rates for all nonwovens regardless of 

their architecture.  

Hypothesis: The logarithmic scaling observed at low strain rates can be extrapolated to determine 

the response at much higher strain rates for nonwoven materials, reducing the need for dynamic 

testing. 

Another area that the author wants to explore is the applicability of Split Hopkinson Tension Bar 

to the nonwoven materials. Although split Hopkinson tension bars are traditionally used to test 

stiff materials such as metals and ceramics and shorter length samples, the author proposes that a  

redesign of the experimental setup and introduce creative solutions to make this device work for 

soft nonwovens.  

Hypothesis: The Split Hopkinson Tension Bar can be modified to capture accurate dynamic 

properties at elevate rates for nonwoven materials. 

In this work, a detailed study is proposed to address the disparity in nonwoven characterization 

and to elucidate the relationship between nonwoven structural parameters and the effective 

mechanical properties at different loading rates. This work aims to develop an experimental testing 

methodology that assesses the influence of loading rate on the mechanical behavior of nonwovens 

with different structures and to identify when transitions in failure modes occur and the underlying 
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mechanisms associated with these transitions. The specific objective of this study is to answer the 

following questions: 

1. How does the mechanical behavior of nonwovens change when they undergo high loading 

rates during their manufacturing processes? 

2. What types of failure mechanisms are associated with the manufacturing process, and how 

do those failure mechanisms change when the loading rate increases? 

3. What is the influence of nonwovens structural parameters such as basis weight, fiber 

orientation, and bond pattern on the rate-dependent properties of nonwovens in both quasi-

static and dynamic loading conditions?  
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1.6 Outline 

This dissertation is divided into five separate chapters. Chapter 2 outlines the material specification 

and the experimental testing methodologies that are used in this study. This includes the quasi-

static and dynamic testing devices, low-speed, and high-speed cameras and digital image 

correlation (DIC) technique.  

Chapter 3 addresses the quasi-static tensile properties of nonwovens. This includes analyzing the 

rate-dependent properties of different groups of nonwoven specimens with different structures. 

This chapter also addresses the influence of sample parameters such as fiber orientation, sample 

basis weight, and bond pattern on the mechanical behavior of nonwovens. This chapter further 

discusses the strain distribution and localization on nonwoven specimens obtained from DIC 

analysis. 

Chapter 4 focuses on the dynamic properties of nonwoven fabrics. This includes the common 

issues with testing soft materials using the Split Hopkinson tension device. Also, the rate-

dependent properties are assessed at very high strain rates and compared to the results obtained 

from quasi-static tests. The damage mechanisms at high loading rates are also analyzed. The 

influence of nonwoven structural elements on the dynamic behavior of nonwovens is further 

investigated in this chapter. This chapter also discusses strain localization and distribution at high 

loading rates using the digital image correlation analysis. 

Chapter 5 presents a summary of the work, concluding remarks, and outlines future work to expand 

and further improve the study. 
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1.7 Unique Contribution in This Dissertation 

This study investigates the effect of loading rate on the mechanical properties of nonwoven fabrics 

that are extensively used in many critical applications. The outcome of this study would help 

understand why certain nonwovens fail during the manufacturing process and enable opportunities 

to speed up the production of nonwovens. This dissertation covered a very wide range of loading 

rates (10-3 to 400 strain/s) to address most of the possible loading scenarios during manufacturing 

of the most common nonwoven products.  

Previous researchers have only developed experimental setups to measure the low-rate dependent 

behavior of nonwovens. This is because it is very challenging to create an experimental setup that 

measures nonwoven dynamic properties, given their low stiffness and strength and large 

representative structure. In this work, a novel dynamic experimental technique to measure 

nonwovens dynamic properties is developed using Split Hopkinson Tension Bar (SHTB) device. 

This device is traditionally used to test metals, ceramics, composites, wood, and other stiff 

materials. This work has provided a solution for the several issues associated with using SHTB in 

dynamic testing of soft materials. The first issue is that the traditional grips cannot be used to 

mount soft nonwovens. This is because the of sample slippage and boundary damage which results 

in erroneous results and sample edge failure. After a thorough review and multiple design iterations 

this issue was solved by designing a special gripping system with a conical shaped casing to 

prevent the axial motion of the specimen when being pulled at very high rates. The second concern 

when using SHTB in dynamic testing of soft materials is that nonwovens have very low 

mechanical impedance and strength compared to the steel bar impedance. This issue was solved 

by trying using bars made of aluminum 7075-T6 alloy. The third issue is that the inherited low 

wave speed in nonwovens results in much longer transit time unlike other stiff materials. 
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Therefore, without having a long enough pulse, it is very difficult to reach an equilibrium state of 

stress during the dynamic event. This is solved through using a longer than normal striker bar to 

ensure a long pulse to ensure adequate time for the sample to be mechanically loaded along with 

performing independent measurements of the stress and strain to ensure the estimations from the 

bar theory are correct. The fourth issue is that the large areal difference between the specimen, bar 

and grip causes additional impedance mismatch. To further mitigate this issue, a completely 

different output setup is created. A highly sensitive piezoelectric sensor is used to register the strain 

signal instead of the traditional strain gauges. Although the original sensor mounts do not fit with 

the SHTB setup, the authors have designed modified grips with stepped adapter and aluminum 

mounting plates to clamp the sensor all the time when being pulled at very high rates. The fifth 

issue is that the hyperelastic nature of the specimens allow them to undergo very large deformation 

before they fail, therefore it is very challenging to get the stress-strain response in a single pulse 

like metallic specimens. This is solved by using very long bars to reduce inertia and obtain the 

necessary displacements. Combing this new output setup with the previously suggested 

modification results in a significantly higher pulse that easy to measure across all high rates despite 

the very weak mechanical properties of the specimens.  

Using this aforementioned unique setup, a detailed investigation of thermal bond nonwovens 

behavior under different loading rates has been provided. Furthermore, the influence of multiple 

essential parameters associated with nonwovens manufacturing has been investigated.  

The damage mechanisms that are common during the manufacturing of nonwovens are discussed 

across all loading rates. A quantitative analysis has been conducted between the influence of fiber 

orientation of nonwovens, sample basis weight, bond pattern, and strain rate on the rate-dependent 

properties.  
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CHAPTER 2: MATERIALS AND EXPERIMENTAL METHODOLOGY 

This chapter discusses the nonwoven samples tested in this study and the experimental 

methodology performed to investigate the rate-dependent properties. This includes quasi-static 

tests, dynamic tests, a unique gripping system design for the dynamic experiments, imaging 

devices, and digital image correlation (DIC) technique. 

2.1. Polypropylene Nonwoven Specimens 

Polypropylene fibers are carded and thermally bonded to form a polypropylene nonwoven fabric 

with basis weights of 20 and 30 gsm, manufactured by FiberVisions Inc. The fiber diameter is 2.4 

dTex, and carding speed of 250 fpm is used in the web formation process. The bonding temperature 

is 157 °C, and the roll pressure is 240 lb per linear inch. Three groups of samples with different 

bonding patterns are investigated. A group with a diamond-shaped bonding pattern, a group with 

a rectangular-shaped bonding pattern, and a group with a circular-shaped bonding pattern. In quasi 

static and dynamic experiments, the fabric is cut into rectangular specimens with a size of 4″ × 

0.4″  × 0.01″. Shorter specimens of 3″ in length are also tested in dynamic experiments. Fig. 2.1 

shows the bonding patterns used in this study. For quasi-static and dynamic experiments, paper 

tabs are attached to the two sides of the specimens using epoxy to prevent edge failure due to the 

direct contact between the grip and the sample. The fabric is tested in Machine Direction (MD) 

direction and Cross Direction (CD) direction. 
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Figure 2.1: Bonding pattern (a) diamond (b) rectangular (c) circular 

2.2. Quasi-static experiments 

2.2.1. Test Equipment 

The universal testing machine Instron 8502 is used to perform the quasi-static tensile tests (Fig 

2.2). Low and intermediate strain rates ranging from 10-3 to 1 strains/s are used. The load frame 

speed ranges from 0.18 to 180 in/min, and displacement control is enabled. Load cells with a 

capacity range of  10 to 250 N are used to measure the force response during the experiments.   

2.2.2. Acquisition Systems 

A 12-megapixel Point Grey Grasshopper low-speed camera equipped with a 50 mm lens is utilized 

for measuring sample deformation (Fig 2.2). LED lightings are adjusted for each loading rate to 

ensure high visibility of the images. A data acquisition system (DAS 64K) is used to record the 

stress-strain data of all sample tested. Due to the significant variations in nonwovens, the 

experiments are repeated at least 40-50 for each sample group. To show the variation in stress-

strain response, Fig 2.3 shows the response of 42 specimens tested, all samples (in Fig 2.3) have 

the same size and basis weight, all samples are loaded in MD direction, all samples with diamond 

bond pattern, and all samples are tested at 10-3 strain/s. 
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Figure 2.2: Quasi-static tests experimental setup 
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Figure 2.3: Stress-strain data of 30 gsm specimens with diamond bond pattern tested at  

10-3 strain/s 

2.3. Dynamic experiments 

2.3.1. Split Hopkinson Tension Bar Device 

The Split-Hopkinson bar device (Kolsky bar) is employed to carry out the dynamic tensile tests. 

Kolsky bars device is widely used to characterize the mechanical behavior of materials under high 

strain rate deformation [46]. It consists of a loading device, bar components, and sensors connected 

to a data acquisition system.  

The striker bar is used to impact the incident bar using a gas gun device. The striker bar is launched 

by the compressed air stored in the cylindrical gun chamber. The striker bar travels quickly in the 

barrel, hitting the incident bar causing an outward tensile pulse.  

High-speed optical systems or magnetic sensors are typically used to measure the striking velocity. 

The compressed air pressure can be adjusted to change the striking speed. The length of the striker 
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bar affects the loading duration and the time to reach stress equilibrium. The specimen is 

sandwiched between the incident and the transmission bars. A stress wave is created at the loading 

device and transmitted through the bar towards the specimen (Fig 2.4 and Fig 2.5). When the wave 

reaches the specimen, it splits into two parts: a transmitted wave and a reflected wave. The elastic 

tensile wave travels through the specimen causing plastic deformation in the specimen. Part of the 

wave is reflected back to the incident bar due to the impedance mismatch at the specimen-bar 

interface. The remaining part of the wave is transmitted to the output transmission bar.  

Axial strain gages are located on the incident and transmission bars. A Wheatstone bridge is used 

to condition the strain gauges signals. A signal amplifier connected with an oscilloscope is utilized 

to increase the signal amplitude. Typically, a 100 kHz frequency must be maintained for all data 

acquisition system components. High frequencies are required to prevent signal distortion. A 

comparison shown in Fig 2.6 shows a typical oscilloscope measurement for a signal with different 

frequencies. For most thin specimens, the stress is assumed to be in an equilibrium state.  

 

Figure 2.4: Schematic of the dynamic testing device 
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Figure 2.5: Stress waves in Kolsky bar device 

Ideally, if no dispersion occurs during the stress wave transmission in both the input and 

output bar, the one-dimensional stress wave theory can be used to theoretically calculate 

the strain rate based on the wave velocities at the specimen-bar interface [46].  

 𝑣1 = 𝐶𝐵 (Ɛ𝐼 − Ɛ𝑅)                                                                                    (2.1) 

𝑣2 = 𝐶𝐵 Ɛ𝑇                                                                                                 (2.2) 

Ɛ = ∫
𝐶𝐵

𝐿𝑆
 (Ɛ𝐼 − Ɛ𝑅 − Ɛ𝑇)

𝑡

0
𝑑𝑡                                                                     (2.3) 

𝜎1 =
𝐴𝐵

𝐴𝑆
 𝐸𝐵(Ɛ𝐼 + Ɛ𝑅)                                                                                 (2.4) 

𝜎2 =
𝐴𝐵

𝐴𝑆
 𝐸𝐵 Ɛ𝑡                                                                                            (2.5)  

Where 𝑣1 and 𝑣2 are the particle velocities at both ends of the specimen, Ɛ𝐼 , Ɛ𝑅,Ɛ𝑡 represents the 

incident, reflective, and the transmitted strain pulses, respectively. The variables 𝐶𝐵, 𝐴𝐵, 𝐸𝐵 

represent the wave speed in the bar material, the cross-sectional area of the bar, and the modulus 

of the bar material, respectively. The specimen cross-sectional area and initial length are denoted 
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by 𝐴𝑆 and 𝐿𝑆, respectively. The average engineering strain rate is denoted by Ɛ, while 𝜎1 and  𝜎2 

are the stresses at both ends of the specimen.  

 

Figure 2.6: Oscilloscope signal recording with different frequencies [46] 

2.3.2. Tensile Grip Design  

Designing the dynamic tensile experiment requires a great effort due to the challenging gripping 

of the specimen and the difficulty in determining the effective gage length of the specimen [30]. 

In the split Hopkinson tension bar (SHTB) test, it is crucial to use the appropriate gripping 

technique to maintain a uniform deformation and get valid experimental data. Soft specimens can 

neither be threaded nor bonded to the bar ends, and therefore, a special clamp must be used. 

Specimen slippage from the grips is a major concern for soft materials as it could lead to erroneous 

results. Nie et al. [47] used a special fixture to clamp rubber sheet specimens by wrapping them 

around the bar ends (Fig 2.7a). The clamp’s inner surface is rough, thus creating friction force to 

keep the specimen in place and prevent uneven shear deformation over the specimen thickness at 
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the clamped area. Chen et al. [48] proposed a gripping system for SHTB tests that facilitates faster 

installation and removal of the soft specimens (Fig 2.7b).   

Tan et al. [49] and Koh et al. [50] used a dynamic tensile grip for testing fiber/yarn materials, and 

they found it to be very effective against slippage of yarns (Figs 2.7c and 2.7d). The yarn specimen 

is sandwiched between two clamping plates surrounded by an outer housing and utilizing the 

clamp tapered surfaces to generate a contact force with the inner surface of the housing.  

 

Figure 2.7: Different SHTB grips discussed in the literature 

 

The clamping systems Figs 2.7a and 2.7b have a larger cross-section than the bar, which could 

cause impedance mismatch between the clamps and the bars resulting in an unmeasurable signal 

of micro strains. While the clamps Figs 2.7c and 2.7d worked properly for woven yarns, it is 

ineffective in testing nonwoven fabric strips. This is due to the importance of having multiple bond 

points to represent the fabric behavior accurately.  This work presents an improved gripping system 
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that prevents slippage and adds additional force to the grips using conical-shape grip and casing to 

help maintain the specimen’s position under high strain rate loads (Fig 2.8). 

 
Figure 2.8: (a) Grip setup (b) Grip cross section  

 

2.3.3. Soft Materials Testing 

The mechanical response of nonwoven materials is sensitive to loading conditions such as loading 

rate and the loading state. Testing soft materials such as nonwovens under dynamic loading 

provides extra challenge due to the low stiffness and the wave impedance of nonwovens. Hence, 

if the signal is not adequately amplified, the transmitted force can get buried within the signal 

noise. This low impedance makes the stress equilibrium difficult to achieve, resulting in a 

nonuniform deformation. The high sensitivity of soft materials makes controlling testing 

conditions more challenging [46].  
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Sets of solid and hollow bars of 96″ in length and 0.75″ in diameter are used in this work. In the 

original setup of the experimental device, solid steel bars are typically used. However, testing 

nonwovens  with steel bars resulted in an immeasurable output signal. Few steps were taken first 

to amplify the low signal generated during testing soft specimens. First, a bar made of aluminum 

7075-T6 alloy result in a better measurement sensitivity due to the lower modulus of aluminum 

than steel bars. Second, a hollow transmission bar with reduced cross-section is used to minimize 

the area mismatch further and, therefore, to amplify the transmitted signal. The properties of 7075-

T6 aluminum alloy used in incident bar are shown in Table 2.1.  

Table 2.1: Mechanical Properties of 7075-T6 Aluminum Alloy [47] 

Ultimate 

tensile 

strength 

Yield 

tensile 

strength 

Modulus of 

Elasticity 

Elongation 

at break 

Poisson 

Ratio 

Fracture 

toughness 

Shear 

strength 

 (MPa)  (MPa) (GPa) %  (MPa-m1/2) (MPa) 

572 503 71.7 11 0.33 20 331 

 

The modifications were helpful in preventing bar damage, sample slippage, and signal loss. 

However, the transmitted output signal was still low due to the impedance mismatch.  

A piezoelectric quartz crystal force transducer is utilized to mitigate the low signal issue on soft 

nonwovens specimens. This type of force transducer has been used to measure dynamic force 

profiles for many years [51-59]. 

The PCB 208C02 force transducer used in this study (Fig 2.9) has a sensitivity of 50 mV/lb (11241 

mV/kN), low frequency response of (-5%) 0.001 Hz, and upper frequency limit of 36 kHz. 
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To install the PCB208C02 sensor into the SHTB experiment, an output setup has been designed 

to ensure the transmitted signal is fully received by the sensor. Figs 2.9a and 2.9b illustrate the 

schematic and actual setup when the PCB208C02 force transducer is attached to the output fixture.  

 

Figure 2.9: Piezoelectric sensor experimental setup (a) schematic (b) actual setup 
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2.3.4. SHTB Data Acquisition 

The data acquisition system records the signals during the test and calculates the strains and forces. 

The data acquisition system in the dynamic experiment can be divided into two main parts: first, 

strain signal acquisition which is recorded by means of a piezoelectric sensor, a signal conditioner, 

and  an oscilloscope, amplifier, and signal conditioner. The second part is the image acquisition 

process done by a high-speed camera connected to the oscilloscope through an output trigger 

channel. The output of the signal conditioner is connected to an oscilloscope capable of recording 

at 100 MHz. The schematic of the data acquisition system is illustrated in Fig. 2.10. 

 

Figure 2.10: Schematic of the SHTB data acquisition system 

 

To track the deformation of the specimens, a Photron SA-X2 high-speed camera (can record up to 

one million frames per second at reduced resolution with shutter speeds as short as 293 

nanoseconds) is utilized. This optical system offers recording rates of up to 13,500 fps at one-

megapixel image resolution with a 12-bit dynamic range and high image quality. Light sensitivity 

is often the most critical performance criteria in high-speed imaging. Without high light sensitivity, 

imaging at high frame rates with short exposure times is not possible. A camera system providing 

high light sensitivity allows a wide range of objective lenses and lighting techniques to be 
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optimized to visualize complex high-speed phenomena. The desired frame rate, exposure and 

many other features can be selected from the Photron FASTCAM Viewer (PFV) software.  

Once the stress wave arrives at the specimen, the camera will be triggered and record the 

deformation event. The high-speed camera setup is shown in Fig. 2.11. 

 

Figure 2.1: High-speed camera setup  

2.4. Digital Image Correlation 

It is critical to prepare the samples properly for the DIC measurement. The sample preparation 

process for DIC starts by spraying black paint over the specimen to create a random speckle pattern 

of black dots on top of the specimen’s white surface. This allows tracking the relative motion of 

the black dots within subsets across frames and provides insights into the displacement and strain 

fields of the tested specimen. Spray painting is commonly used in macroscale digital image 

correlation (DIC) through the introduction of surface contrast on the specimen. The speckle size 

affects the accuracy of DIC measurements. The size of the speckle depends on the type of spraying 

device (regular spray paint, custom pressure airbrush sprayers, electro-spraying, etc.) and the 

distance between the spraying device and the specimens. Most of the factors that influence the 

DIC analysis are connected. The size and contrast of the speckles affect the amount of filtering 

required, eventually affecting the measurement accuracy.  
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Over the past two decades, most DIC applications were directly associated with strain 

measurements at quasi-static conditions, and multiple companies supply different types of 

commercial DIC software. Researchers have suggested DIC analysis to evaluate the strains and 

displacements of the deformed fibers [60-62]. Ridruejo et al. [63,64] investigated the macroscopic 

levels strain using the DIC technique. They showed that the resulted damages of the fibers were 

distributed throughout the specimens before reaching the maximum load. 

Applying DIC analysis in dynamic strain measurements requires the use of a high-speed camera. 

Early efforts by Gilat et al. [65] and Tarigopula et al. [66] were dedicated to utilizing DIC analysis 

in SHTB experiments. The use of DIC in SHTB dynamic testing is a new and promising data 

acquisition tool that will provide very accurate results. 

Fig 2.12 shows how the DIC process works. Commercial software provided by Correlated 

Solutions company are used to run the DIC analysis. VIC Snap 9 software is used to capture the 

images, while VIC 2D is used to run the DIC analysis. In 2D DIC, the out-of-plane deformations 

are not measured, and the software solely runs calculations on in-plane deformations. When taking 

images for DIC, the camera must be properly focused to show the movement of the speckled 

pattern on the specimen’s surface.   

The VIC-2D software will divide each frame into smaller blocks knowns as subsets. Each subset 

from each frame will perform cross correlation to the same subset over the next frames. The 

software uniquely measures the displacement for every subset. The built-in post-processing 

calculation algorithms could be used to calculate multiple parameters. Image processing gives full 

field strains and is visualized using color mapping. The subset size is the width and height of the 

subset square in the reference image. The step size is the distance between subset centers. Both the 

subset size and step size are measured in units of pixels. 
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The step size determines the density of data points and also affects the spatial resolution of the 

DIC measurement. It is generally recommended that a step size of one-third to one half of the 

subset size is used to allow the partial overlapping of neighboring subsets . However, the larger 

the subset size, the longer the computation time [67,68], as shown in Fig 2.13b.  

On the other hand, decreasing the size of subsets would only evaluate the first two degrees of shape 

function but significantly save computational efforts and time. Although reducing computation 

time is highly desirable especially when repeating the analysis many times on nonhomogeneous 

nonwoven samples, it is imperative to maintain a subset size with three speckles at least, to allow 

the software to perform the analysis accurately [69].  

Furthermore, the software applies smoothing filters to the raw data to ease the generation of strain 

gradients. Filtering window size greatly affects the accuracy of the displacement computation. The 

larger filtering window is suggested when encountering a homogenous deformation, while the 

smaller one is suggested for inhomogeneous responses as it provides more accurate results [70-

73].  

 

Figure 2.12: Digital Image Correlation Technique [67] 
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Figure 2.13: Digital Image Correlation Process Parameters (a) Subset size (b) Step size 

[67] 
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2.5. Conclusion 

This chapter presented information about the nonwoven specimens used in this study. The samples 

are carded and thermally bonded polypropylene fabrics with basis weights of 20 gsm and 30 gsm. 

The samples are tested in the machine direction (MD) and cross direction (CD). Three groups of 

samples with a diamond-shaped bonding pattern, a rectangular-shaped bonding pattern, and a 

circular-shaped bonding are presented in this chapter. Instron 8502 load frame is employed to 

conduct the quasi-static and intermediate strain rate experiments ranging from 10-3 to 1 strain/s. 

The Split Hopkinson tension bar  (SHTB) device is introduced in this chapter. SHTB device is 

utilized to test specimens at high strain rates of 100 to 400 strain/s. Characterizing the dynamic 

strain rates of nonwovens is very challenging for many reasons. Nonwovens have very low 

strength, stiffness and wave impedance compared to the steel bars in the SHTB setup. Also, the 

difference between the bar/grip area and the specimen’s area creates many problems such as 

impedance mismatch due to the areal difference, sample slippage and sample boundary damage. 

The inherit low wave impedance in nonwovens makes reaching stress equilibrium state more 

difficult.  In this chapter we discussed the several modifications to the original SHTB setup that 

were conducted to mitigate these issues. These changes include trials using different bar materials, 

hollow cross-sections and solid cross-sections, longer bar and a completely new output setup with 

piezoelectric force sensor.  

The imaging acquisition systems for quasi-static and dynamic testes are also discussed in this 

chapter. A low-speed camera and LED lighting are used to monitor deformation during the quasi-

static test. In dynamic experiments, a high-speed camera of 100,000 fps and high-intensity LED 

lightings are utilized to track the motion and orientation of fibers during deformation.  
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Digital Image correlation (DIC) technique was also introduced in this chapter. This includes 

specimens preparation before DIC, DIC technique fundamentals, and DIC commercial software.  
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CHAPTER THREE: LOW AND INTERMEDIATE STRAIN RATE  RESPONSE 

This chapter discusses the rate-dependent properties obtained from quasi-static, low and 

intermediate strain rates. The discussion includes the analysis of stress-strain response, anisotropy 

of the tensile properties, damage behavior across low and intermediate loading rates, and analysis 

of strain localization using digital image correlation. The results from analyzing the rate-dependent 

properties show an increase in the strength and modulus accompanied by a reduced strain to failure 

in nonwovens as the strain rate increases. Higher basis weight samples show higher rate-dependent 

properties across all loading rates and fiber orientations.  

Also, the specimens with the diamond bond patterns show higher strength than the specimens with 

rectangular and circular bonds. However, the specimens with the rectangular and circular bonding 

patterns reveal the ability to undergo larger deformations than the specimens with the diamond 

bonding patterns.  

The low-speed camera images show that fiber breakage, fiber disentanglement, and bond rotation 

are the most common damage modes. Fracture zones were also observed for both circular and 

rectangular specimens.  

DIC results show that strain localization occur at different locations on the specimens. Also, the 

strain localization increase as the sample approaches the maximum failure strain. DIC results 

further show that at higher loading rates, more strain localization points appear on the surface of 

the specimens. Moreover, DIC also shows that more strain localization are observed when testing 

in the CD direction due to fiber reorientation.  
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3.1. Rate Dependent Properties 

An Instron 8502 is used to perform the quasi-static and intermediate strain rate tests. The tensile 

load is measured directly from a load cell, while two approaches are used for strain calculations. 

The first method is the effective global strain based on the relative displacement of the crossheads. 

The second method is a contactless technique based on the strain distribution in the digital image 

correlation (DIC) analysis. The average strain is measured over the whole sample and plotted for 

all frames against time. The strain rate is the slope of the strain-time curves.  

Samples are tested in both MD and CD directions at four strain rate values, 10-3, 10-2, 10-1, and 1 

strain s-l. Three bonding patterns are investigated: diamond bond pattern, rectangular bond pattern, 

and circular bond pattern. To ensure repeatability of the results, for each orientation, at least 40 to 

50 specimens are tested at each value of strain rate. The maximum strength of the sample, modulus, 

and failure strain (elongation at break) are all investigated across all values of strain rates.  

3.1.1. Stress Strain Response 

Fig 3.1 shows representative samples (of 40-50 samples) of the stress-strain curves for specimens 

with diamond bonding patterns tested at low and intermediate strain rates. Fig 3.1 discusses the 

effect of strain rate on the maximum stress and failure strain at both fiber orientations MD and CD, 

for two groups of samples with basis weights of 20 and 30 gsm. Results show that the samples 

with higher basis weight show higher strength across all loading rates. Observations from the 

analysis of the rate-dependent properties show a clear trend of an increase in the maximum strength 

at higher loading rates. Furthermore, when testing in the machine direction (MD), fibers have 

higher strength as MD is a preferential orientation direction of carded fibers. Testing in the cross 

direction (CD) reveal a reduction in the strength by about 80% compared to the strength in MD 

direction.  
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Figure 3.1: Stress-strain response of representative specimens with diamond bond pattern (a) 

MD orientation (b) CD orientation 
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The curves further show the failure strain changes as a function of loading rate in both MD and 

CD directions. Results show that testing samples in CD direction leads to higher failure strain. 

This is because the significant reorientation of fibers when testing in CD direction, resulting in 

larger deformations [73]. When tested in cross directions, the fibers are aligned perpendicularly to 

the loading direction. The fibers would change their original orientation to the loading direction as 

being deformed (look damage mechanisms section Fig 3.24). However, in MD direction, the fibers 

are already aligned in the loading direction, so no additional strains are required to line them up.  

Fig 3.1 further depicts the effect of basis weight on the failure strain for both orientations of 

nonwoven samples. The samples with 30 gsm show higher strength and a better ability to undergo 

deformation than the 20 gsm group of samples. This is because higher basis weight means  greater 

fiber volume within unit area.  

Another critical property that changes due to loading rate is the modulus. The modulus values are 

obtained from the slope of the stress-strain curves at all loading rates. The curves show a trend that 

increasing the loading rate increases the modulus of the tested specimens. The properties of 

nonwovens greatly vary from one specimen to another as shown previously in Fig 2.3. 

Fig 3.2 shows representative samples (of 40-50 samples) of the stress-strain curves for specimens 

with rectangular bonding patterns tested at low and intermediate strain rates. The curves show that 

the strength of the rectangular bonding pattern samples increases as the loading rate increases in 

both MD and CD loading directions. Testing specimens with rectangular bond patterns in MD 

direction results in higher strength as MD is the preferred orientation direction of fibers.  
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Figure 3.2: Stress-strain response of representative specimens with rectangular bond pattern (a) 

MD orientation (b) CD orientation 
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Figs 3.2 further shows the change of failure strain as a function of loading rate. Similar to what 

was observed in the diamond bond pattern, increasing the loading rate leads to a reduced failure 

strain for both MD and CD specimens for both 30 and 20 gsm samples. Samples with higher basis 

weight undergo larger deformation before they break. This Due to the increased volume of fibers 

per unit area, resulting in a stiffer fabric. Moreover, As shown by Garmabi et al. [67], samples 

loaded in the CD direction show higher failure strain due to the greater reorientation of fibers.   

The effect of loading rate on the modulus of rectangular pattern samples is also measured from Fig 

3.2. As the loading rate increases the modulus increases for all samples. This is due to the increased 

strength and reduced failure strain at higher loading rates, making the initial stress-strain curve 

slope higher.   

The samples loaded in the MD direction have higher modulus values as it is the preferred 

orientation of fibers from the carding process. The pattern of the bond greatly affects the modulus 

across all loading rates. The rectangular pattern samples show a significant drop in the modulus 

compared to diamond-shaped patterns.  

Another group of samples with a circular bonding pattern is tested to further understand the 

influence of the bond pattern on the rate-dependent properties. Fig 3.3 shows the stress-strain 

curves of representative samples (of 40-50 samples) with circular bonding patterns tested at low 

and intermediate strain rates. Similar to the previously discussed samples, the maximum strength 

increases as the loading rate increases for both 20 gsm and 30 gsm samples. Although this 

observation is true for MD and CD specimens, it is more obvious in the case of MD direction as 

the samples have higher strength and stiffness compared to CD samples.  
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Figure 3.3: Stress-strain response of representative specimens with circular bond pattern (a) MD 

orientation (b) CD orientation 
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The influence of loading rate on the elongation at break of circular bonding pattern specimens can 

also be discussed from the stress-strain curves. The ability of the samples to undergo large strains 

decrease as the strain rate increases. For instance, increasing the strain rate from 10-3 to 1 strain/s 

reduces the strain at break values by about 50% for all MD specimens and by approximately 63% 

for the 20 gsm CD samples. Moreover, the samples loaded in the CD direction have a higher ability 

to undergo large deformation due to the greater fiber reorientation in the CD direction. This will 

be discussed in the damage mechanisms section later in this chapter. 

Samples with 30 gsm basis weight show higher failure strain across all loading rates due to the 

higher mechanical properties than the 20 gsm basis weight group of samples.  

Furthermore, the modulus of nonwoven specimens with circular bonding pattern changes as a 

function of loading rate. The modulus of circular bonding pattern specimens behaves similarly to 

their maximum strength such that the modulus values increase as the loading rate increases. The 

increase in the strength and the reduction in the failure strain at higher loading rates leads to the 

rise of the stress-strain curves vertically and the decrease of the curves horizontally, increasing the 

slope (modulus) of the curve. Also, for most specimens, the modulus values of the 30 gsm group 

of samples are higher than the modulus values of the 20 gsm samples. This due to the increased 

volume of fibers per unit area, resulting in a stiffer fabric.  

Looking at the role of bond pattern on the stress-strain curves some observation could be obtained. 

First, the strength of specimens with rectangular and circular bonding pattern is around 4% to 8% 

of the strength of the diamond pattern across all loading rates. However, the failure strain for 

diamond bond pattern is around 60% to 90% and of rectangular and circular bonding patterns. The 

difference in the rate-dependent properties between the three bonding patterns is primarily due to 

the fraction of area covered by bond points. The bonded area is greater in diamond bonding 
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patterns which results in a higher strength of the specimens. However, for circular and rectangular 

bonding pattern, the smaller the bonded area the more area covered by fibrous matrix which means 

larger failure strains.   

3.1.2. Anisotropy of Nonwovens   

This section discusses the anisotropy of nonwovens tensile properties and how the anisotropy 

changes as a function of loading rate, basis weight, and bonding pattern of specimens. The tensile 

anisotropy is the ratio of tensile properties in the machine direction to their values in the cross 

direction. The anisotropy parameters in tensile strength (strength ratio MD/CD), failure strain 

(failure strain ratio MD/Cd), and modulus (modulus ratio MD/CD) are discussed in this section. 

The anisotropy in tensile strength for specimens with the diamond bond pattern, rectangular bond 

pattern, and the circular bond pattern is shown in Fig 3.4a, Fig 3.4b, and Fig 3.4c, respectively.  
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Figure 3.4: Anisotropy in tensile strength (a) diamond bond pattern (b) rectangular bond pattern 

(c) circular bond pattern 
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The data presented in Fig 3.4 shows that the anisotropy in tensile strength tends to increase as the 

loading rate increases from quasi-static (0.001 and 0.01 strain/s) to intermediate strain rates (0.1 

and 1 strain/s). This means that more fibers are oriented in the machine direction and therefore 

higher strength in MD. Furthermore, as previously shown in the literature, increasing carding 

speed leads to higher orientation in the machine direction of the produced fibers. Therefore, it is 

expected to see higher anisotropy in tensile strength when the carding speed increases.  

The data from the samples with rectangular and circular bonding patterns indicates the effect of 

changing the bonding patterns on the rate-dependent properties.  

For specimens with rectangular bonding patterns, the tensile strength anisotropy seems to increase 

as the basis weight decreases. Whereas in circular and diamond specimens, the strength ratio is not 

affected by basis weight.  

The anisotropy in the failure strain for specimens with diamond, rectangular, and circular bond 

patterns is shown in Fig 3.5.  

The result in Fig 3.5 shows that the anisotropy in failure strain decrease as the loading rate 

increases to intermediate strain rates. This is mainly due to the lower failure strain that MD samples 

have at intermediate strain rates. As explained in the stress-strain curves, at 0.1 and 1 strain/s MD 

specimens tested in CD direction can undergo higher failure strains at intermediate loading rates 

than MD specimens due to the reorientation.  

Furthermore, increasing the carding speed (higher strain rates) produce fibers dominant in the MD 

direction with lower anisotropy in failure strain. The 20 gsm basis weight specimens seem to have 

higher anisotropy for rectangular and circular bond pattern specimens.  

Although the basis weight effect on the tensile strength ratio of rectangular pattern specimen is 

very significant for low and intermediate rates, the failure ratio behaves differently across loading 
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rates. Basis weight seems to be critical for failure strain ratio at the higher loading rate of 1 strain/s. 

This indicates that 30 gsm samples experience higher reorientation when tested in CD specimens 

than the 20 gsm samples. 
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Figure 3.5: Anisotropy in failure strain (a) diamond bond pattern (b) rectangular bond pattern (c) 

circular bond pattern 
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The anisotropy in the modulus for specimens with diamond bond pattern, rectangular bond pattern, 

and circular bond pattern is shown in Fig 3.6.  

Fig 3.6 shows that the effect of loading rate on the modulus anisotropy. Specimens with diamond 

and circular bond patterns show a trend of slight increase as the loading rate increases, as a result 

of the increase in the strength at higher rates. However, the modulus ratio of rectangular bond 

pattern specimens is inconclusive. Furthermore, the modulus of the specimen with the rectangular 

bonding pattern is more sensitive to basis weight compared to diamond and circular specimens. 

The specimens with the diamond bond patterns have higher modulus anisotropy at all loading 

rates. This is attributed to the high modulus of diamond bond pattern specimens when tested in the 

MD direction. A summary of the anisotropy parameters at all loading rates, basis weights, and 

bonding patterns is presented in Table 3.1. 
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Figure 3.6: Anisotropy in modulus (a) diamond bond pattern (b) rectangular bond pattern (c) 

circular bond pattern 
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Table 3.1: Anisotropy of Nonwoven Tensile Properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Strain 

rate 

Strength Ratio 

(MD/CD) 

Failure Strain Ratio 

(MD/CD) 

Modulus Ratio 

(MD/CD) 

Basis 

weight 

 Diamond Rectangular Circular Diamond Rectangular Circular Diamond Rectangular Circular 

30 10-3 6.6 7.08 5.15 0.92 0.63 0.62 13.4 4.35 8.92 

30 10-2 7.04 9.1 6.42 0.93 0.61 0.54 14.2 3.93 11.1 

30 10-1 7.2 9.5 7.2 0.94 0.61 0.53 14.8 3.43 12.4 

30 1 7.4 9.3 7.45 0.91 0.45 0.43 15 3.69 11 

 

20 10-3 6.85 11.8 6.32 0.87 0.66 0.82 11.7 8.73 10 

20 10-2 7.29 11.5 5.8 0.93 0.67 0.67 12.4 9.93 11.7 

20 10-1 7.52 12.6 6.77 0.87 0.68 0.77 13.9 10.5 12.1 

20 1 8.33 13 7.2 0.67 0.64 0.75 13.4 9.3 12.8 
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3.2 Digital Image Correlation (DIC) Analysis  

3.2.1. DIC Results of Diamond-Shaped Bonds  

Fig 3.7 depicts the effect of 10-3 strain s-1,  loading rate on the DIC strain distribution in the vertical 

direction for both MD and CD samples with the diamond bond pattern. The damage localization 

for each specimen changes as a function of the properties of the specimen and the loading rate. 

More localization appears around the bond points as the specimens approach the failure strain. The 

strain distribution is uniform around the middle sections of the specimen at the beginning of the 

loading stage (frames correspondent to 25% failure strain). This means that the middle section 

experience minimal changes in the strain values up to 25% of failure strain. However, more strains 

indicated by red color start to appear as the strain approaches its failure value (frames 

correspondent to 75% failure strain and the frames at the failure strain).  

The 20 gsm samples seem to have higher localization indicating more damages compared to 30 

gsm samples. This is also true for CD specimens as they undergo larger deformation than MD 

specimens.  

Bond points play a major role in the progressive failure of fabric as peripherical fibers break. Since 

the location of bond points and fiber interaction to bond points change from one sample to another, 

this caused the sample-to-sample variation in the DIC results. 
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Figure 3.7: Strain distribution of diamond bonding pattern specimens loaded at 10-3 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

The strain distribution of diamond bond pattern samples (20 gsm and 30 gsm) loaded in MD and 

CD directions at 10-2 strain s-1 is shown in Fig 3.8. The area covered in red indicates more 

localization as the sample approaches failure strain. Similar to the loading case of 10-3 strain s-1, 

the samples with 20 gsm basis weight experience more localization due to their lower strength and 

stiffness.  

The strain is uniform around the middle section of specimens; however, localization appear at 

random locations of the samples due to the nonhomogeneous nature of the nonwoven specimens. 

Furthermore, more localization appear on the CD samples due to the excessive reorientation. The 

complex damage mechanisms in CD direction reduces the strength and leads to increased strain 
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localization since stress concentration increases around the bonds [57]. More details about damage 

mechanisms will be discussed in section 3.4.  

 

Figure 3.8: Strain distribution of diamond bonding pattern specimens loaded at 10-2 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

Fig 3.9 and Fig 3.10 show the strain distribution at 10-1 strain s-1 and 1 strain s-1, respectively. 

Strain localization increase as the sample is being stretched. Although the strain is fairly uniform 

around the middle part of the specimen, the sample experience multiple higher strain localization 

spots at random locations within the specimen. The specimens with higher basis weight show 

better resistance to strain localization than lower basis weight samples.  
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Figure 3.9: Strain distribution of diamond bonding pattern specimens loaded at 10-1 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

The significant reorientation of CD samples leads to higher stress concentration around the bond 

points as to the fibers at the bond-fiber interface bend [67]. Thus,  creating  strain localization 

higher than MD samples. Strain localization occur at random spots due to nonhomogeneous nature 

of nonwovens.  
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Figure 3.10: Strain distribution of diamond bonding pattern specimens loaded at 1.0 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

From the previous DIC analysis of diamond bond pattern, it is shown that the DIC strain 

distribution is affected by several factors. First, the orientation of the fibers of the tested specimens. 

It is shown that when the fibers are arranged in CD direction, more strain localization occur due 

to the significant fiber reorientation. Second, the lower the basis weight of the specimen the higher 

the strain localization. This is due to the lower strength of the 20 gsm samples compared to the 30 

gsm samples, which means more damages for the 20 gsm samples.   

Finally, the strain localization is affected by the loading rate. This is further explained in Fig 3.11. 

A comparison between quasi-static and intermediate rates is shown in Fig 3.11. DIC response of 

20 gsm is discussed as more localization appear on 20 gsm samples. As the loading rate increases, 
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the strain localization area increases at multiple locations on the samples. Also, CD specimens are 

more sensitive to the loading rates. The result in Fig 3.11 agrees with what discussed previously 

in the literature and shown in the quasi-static results (Figs 3.1 3.2, and 3.3), the loading rate greatly 

affects the material properties and damage modes. 

 

Figure 3.11: Strain distribution of 20 gsm diamond bonding pattern specimens across loading 

rates 



   

73 

 

3.2.2. DIC Results of Rectangular-Shaped Bonds 

Fig 3.12 shows the DIC strain response on rectangular bond specimens tested at 10-3 strain s-1. The 

strain distribution is fairly homogeneous around the midsection of the specimens in both the 

loading directions MD and CD (Figs 3.12a and 3.12b). With the continuous loading of the sample, 

the frames taken at strain values of 50% to 75% of the failure strain indicate higher localization of 

strain (colored in red). The strain localization reaches its highest values as the sample approaches 

the failure strain. Furthermore, samples with lower basis weight show a similar increase in strain 

localization as the sample approaches the failure strain. It is important to note that CD specimens 

show higher localization due to the larger deformation that the samples experience when tested in 

the CD direction; this agrees with what was discussed in Fig 3.2. 

As shown in Fig 3.12, four different frames are selected to show how strain localization change as 

the sample approaches failure. Similarly, specimens tested in 20 gsm and CD direction have the 

most strain localization.  
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Figure 3.12: Strain distribution of rectangular bonding pattern specimens loaded at 10-3 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

The DIC strain distribution of the group of samples loaded at 10-2 strain s-1 is illustrated in Fig 

3.13. All samples show higher strain localization as each sample approaches its failure strain. 

Specimens tested in the CD direction show higher localization than MD direction due to the larger 

extent of deformation that CD specimens typically take (Fig 3.2). Specimens with 20 gsm basis 

weight show higher localization due to their lower mechanical properties than the 30 gsm 

specimens. The influence of loading rate appears important when comparing the DIC strain 

localization results of Fig 3.12 and Fig 3.13. Samples tested at 10-2 strain s-1 (Fig 3.13) show higher 

localization due to the higher stresses the samples have experienced.  
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Figure 3.13: Strain distribution of rectangular bonding pattern specimens loaded at 10-2 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

Figs 3.14 and 3.15 show the DIC strain distribution of samples tested at 10-1 strain s-1 and 1 strain 

s-1, respectively. The strain distribution is relatively homogenous around the midsection, with the 

localization on random spots on the specimens. Due to the nonhomogeneous structure of 

nonwovens, the strain localization of the samples varies from one sample to another depending on 

the fiber and bond point interaction and fiber orientation at each location.  

This is the primary reason for the variation in rate-dependent properties discussed earlier and also 

the difference in DIC strain localization locations. 
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Figure 3.14: Strain distribution of rectangular bonding pattern specimens loaded at 10-1 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 
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Figure 3.15: Strain distribution of rectangular bonding pattern specimens loaded at 1.0 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

3.2.3. DIC Results of Circular-Shaped Bonds 

The DIC response on quasi-static samples with circular bonding pattern loaded at 10-3 strain s-1 is 

shown in Fig 3.16. The strain localization is uniform in the midsection for most samples. As the 

loading rate increases to 10-2 strain s-1 (Fig 3.17), 10-1 strain s-1 (Fig 3.18), and 1 strain s-1 (Fig 

3.119), more strain localization appears on multiple locations on the specimens. Particularly, for 

CD samples, the parts of the specimen covered in red and yellow (Fig 3.16d, Fig 3.17, Fig 3.18b 

Fig 3.19d), increase, indicating more strain localization.  

The influence of the bonding pattern on the DIC strain localization response seems to be very 

significant. This aligns with previous results that discussed the role of bonding patterns on 
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specimens’ strength, failure strain, and modulus (Figs 3.1, 3.2., 3.3). The group of samples with 

rectangular and circular bonding patterns are more effective in energy absorption due to their 

ability to undergo larger deformations before reaching their failure strain point. This increases the 

strain localization among rectangular and circular specimens compared to diamond-shaped 

specimens.  

 

Figure 3.16: Strain distribution of circular bonding pattern specimens loaded at 10-3 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 
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Figure 3.17: Strain distribution of circular bonding pattern specimens loaded at 10-2 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 
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Figure 3.18: Strain distribution of circular bonding pattern specimens loaded at 10-1 s-1 (a) 

30gsm MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 
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Figure 3.19: Strain distribution of circular bonding pattern specimens loaded at 1.0 s-1 (a) 30gsm 

MD (b) 30gsm CD (c) 20gsm MD (d) 20gsm CD 

 

3.3. Damage Mechanisms in Quasi-Static Testing 

Fig 3.20 depicts a wide view of the damage growth on specimens with the diamond bond pattern 

at different stages of the quasi-static test. For quasi-static and intermediate strain rates, fiber 

breakage, bond point rotation, and fibers disentanglement are the most dominant failure modes. 

The damage mechanism changes for each specimen depending on the microstructure of the 

specimen and the loading rate. 
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Figure 3.20: Global view of quasi-static deformation modes at representative samples (a) 30gsm 

MD diamond bonds (b) 30gsm CD diamond bonds (c) 20gsm MD diamond bonds (d) 20gsm CD 

diamond bonds 

  

Fig 3.21 and Fig 3.22 show the damage mechanisms on specimens with the rectangular and circular 

bond pattern at different stages of the quasi-static test, respectively. Specimens suffer the most 

from fiber breakage, especially when loaded in the CD direction.  
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Figure 3.21: Global view of quasi-static deformation modes at representative samples (a) 30gsm 

MD rectangular bonds (b) 30gsm CD rectangular bonds (c) 20gsm MD rectangular bonds (d) 

20gsm CD rectangular bonds 
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Figure 3.22: Global view of quasi-static deformation modes at representative samples (a) 30gsm 

MD circular bonds (b) 30gsm CD circular bonds (c) 20gsm MD circular bonds 

(d) 20gsm CD circular bonds 

 

Due to the unique structure and properties of nonwovens, the damage locations and area changes 

from one sample to another. In this work, a telephoto zoom lens is further utilized to better 
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understand how changing loading rate and bond pattern affect the damage mechanism of the 

samples. Fig 3.23 shows the damage at the middle section of the specimen. By looking at the 

middle section of the samples loaded at 10-3 strain s-1, the specimens with the rectangular bonding 

pattern exhibit more complex damages as they undergo larger deformation in comparison to the 

diamond and circular bonding patterns. 

Multiple fiber fracture zones appear as the sample approaches the failure strain. As the sample 

approaches the ultimate failure, bond points undergo rotations but still maintain their patterns, and 

most deformation occurs in the fiber.  

Fig 3.24 shows how CD specimens undergo significant orientation during the loading phase. The 

majority of fibers are originally aligned perpendicular to the loading direction. The orientation 

direction indicated by yellow arrows shown in Fig 3.24a shows original direction of fibers. During 

the deformation in Fig 3.24b, the direction of the fibers changes.  
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Figure 3.23: localized zoomed view of quasi-static deformation modes tested in MD 

direction  
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Figure 3.24: Orientation of fibers tested in CD direction (a) pre-deformation (b) during 

deformation.  

3.4. Conclusion 

This chapter presented the analysis of the rate-dependent properties at quasi-static strain rates of 

10-3 and 10-2 strain/s and intermediate strain rates of 10-1 and 1 strain/s. The analysis of the rate-

dependent properties showed an increase in the strength and modulus accompanied by a reduced 

strain to failure in nonwovens at intermediate strain rates. Higher basis weight samples with 
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increased fiber volume showed higher rate-dependent properties across all loading rates and fiber 

orientations.  

Also, the specimens with the diamond bond patterns showed higher strength than the specimens 

with rectangular and circular bonds. However, the specimens with the rectangular and circular 

bonding patterns showed a higher ability to undergo large deformations across low and 

intermediate strain rates than the specimens with the diamond bonding pattern. This is attributed 

to the greater fraction of bonded area in diamond pattern specimens.  

The anisotropy of tensile properties has been investigated for all tested samples. Results from 

measuring the anisotropy in tensile properties showed that the specimens tend to have higher 

anisotropy in strength as the loading rate increases. However, a reduction in the failure strain 

anisotropy is observed at intermediate strain rates. This behavior of tensile anisotropy is expected 

in the high-speed carding process. This is because carding produces fibers with dominant 

orientation in the machine direction. The dominance of  machine direction fibers results in a higher 

strength anisotropy and a lower failure strain anisotropy.  

The low-speed camera images showed that fiber breakage, fiber disentanglement, and bond 

rotation are the most common damage modes. Fracture zones were also observed for both circular 

and rectangular specimens.  

Digital image correlation (DIC) analysis was performed to study the strain localization on all the 

samples tested. DIC showed that strain localization occur at different locations on the specimens. 

Also, localization increases as the sample approaches the maximum failure strain. DIC results 

further showed that at higher loading rates, more strain localization points appear on the surface 

of the specimens. Moreover, DIC also showed that more strain localization is observed when 

testing in the CD direction.  
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CHAPTER FOUR: DYNAMIC BEHAVIOR ANALYSIS 

This chapter discusses the dynamic (above 100 strain/s) behavior of carded thermally calendered 

polypropylene nonwoven fabrics. The Split Hopkinson tension bar (SHTB) device is utilized to 

test samples at high-loading rates of 100 to 400 strain/s. The rate-dependent properties and damage 

mechanisms at high loading rates are analyzed. The influence of nonwoven structural elements on 

the dynamic behavior of nonwovens is further investigated in this chapter. This chapter also 

discusses strain localization and distribution at high loading rates using digital image correlation 

(DIC) analysis. The results show a substantial increase in the maximum strength and modulus at 

high loading rates. The results also show that the strain at break is significantly reduced at dynamic 

loading rates. The high-speed camera images show an obvious ductile to brittle transition in the 

material failure mechanisms. Fiber breakage, brittle failure, and fiber disentanglement are the most 

common damage modes. The brittle failure at high loading rates appears as a complete specimen 

breakage at little deformation. The DIC results show that strain localization increase as the sample 

approaches the failure point. The specimens with rectangular and circular bonding patterns show 

higher localization than the specimens with the diamond bonding pattern due to the higher fiber 

reorientation.   

4.1. Dynamic Mechanical Properties 

The rate-dependent properties of the specimens are tested at high loading rates using the Split 

Hopkinson tension bar (SHTB) device. The loading rate is controlled by the velocity of striker bar, 

sample length, and sample properties. The velocity of the striker bar is determined by the pressure 

of the air in the gun chamber such that the higher the compressed air pressure, the higher the 

generated strain rates.   
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At a fixed pressure value, the strain rate will change from one specimen to another. This is due to 

the variations in the mechanical properties of nonwovens. Two pressure values of 100 psi and 50 

psi are selected to study the dynamic response of nonwoven samples and at least four specimens 

are repeated per each result. At 50 psi, the strain rate across all specimens tested was found to be 

above 100 strain/s. This is the typical high strain rates observed in nonwoven production as 

discussed earlier in chapter 1. The pressure of 100 psi is the highest possible pressure obtained by 

the SHTB device used in this study. This strain rates obtained within this pressure range will show 

the rate-dependent behavior at the typical high rates observed in manufacturing and also the 

response at even higher rates if production speed increases.  

The strain rate is calculated for each sample tested from the high-speed camera recorded frames 

and the DIC measurements. For most samples tested, DIC strain rate measurements showed a 

range of 170 to 285 strain/s, and 240 to 380 strain/s when samples are loaded at 50 psi and 100 

psi, respectively.  

The result from the dynamic tests on specimens with the diamond bonding pattern is illustrated in 

Fig 4.1. Eight curves representing quasi-static low strain rate (2 curves), intermediate strain rate 

(2 curves), and dynamic loading rate (4 curves) are discussed. A significant increase in the 

maximum stress accompanied by a drastic reduction in the failure strain is observed when the 

samples are tested at dynamic loading rates (223 strain/s to 365 strain/s). Fig 4.1 (a) shows the 

samples with 30 gsm basis weight. For instance, comparing the results at 10-3 strain/s to the 

dynamic loading rates show the significance of the dynamic behavior (also shown in Fig 3.1). An 

increase in the maximum strength of up 860% at a strain rate of 365 strain/s is observed. Also, the 

failure strain is reduced by around 88% at 365 strain/s. Investigating the dynamic strain rates effect 

on the modulus show a substantial increase of up to 6800% at 365 strain/s. At 275 strain/s, results 
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show an increase of up to 670% and 5500% in the strength and modulus, respectively. The failure 

strain is reduced by up to 88% at 275 strain/s. Similarly, at 246 strain/s, the maximum strength and 

modulus are increased by up to 433% and 2100%, respectively. Also, at 246 strain/s, a reduction 

in the failure strain of 79% is also observed. At 223 strain/s, the strength and modulus are increased 

by 537% and 3550%, respectively. While the failure strain at 223 strain/s is reduced by about 88%. 

For the samples with 20 gsm basis weight (Fig 4.1b), an increase in the maximum strength ranging 

from 420% to 275% is observed at across dynamic loading rates (193 strain/s to 283 strain/s). 

Moreover, a substantial increase in the 20 gsm samples modulus ranging from 3400% to 1500% 

is observed across dynamic loading rates (compared to results in Fig 3.1b).  

While the failure strain of the 20 gsm samples is reduced by about 86% to 77% across dynamic 

loading rates.  

Fig 4.1 further demonstrates the effect of basis weight on the dynamic behavior of the diamond 

bonding pattern specimens. The maximum strength and modulus of the samples show an increase 

for samples with higher basis weight. For instance, 30 gsm samples tested at 365 strain/s 

(correspondent to 100 psi) show higher strength of 227% than 20 gsm samples loaded at 283 

strain/s (correspondent to 100 psi). Also, 20 gsm samples loaded at 275 strain/s (correspondent to 

50 psi) show higher strength of 220% than 20 gsm specimens loaded at 219 strain/s (correspondent 

to 50 psi). The 30 gsm samples have failure strain of approximately 11% higher than the 20 gsm 

samples across dynamic loading rates. The modulus of 30 gsm samples loaded at 365 strain/s is 

218% higher than the modulus of 20 gsm samples loaded at 283 strain/s . The modulus of 30 gsm 

samples loaded at 275 strain/s has about 168% higher modulus than 20 gsm basis weight loaded 

at 219 strain/s.  
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Figure 4.1: Comparison between the quasi-static and dynamic experimental results 

(representative) of diamond bond pattern specimens (representative) (a) 30 gsm MD (b) 20 

gsm MD 
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The dynamic response of samples with the rectangular bonding pattern is discussed in Fig 4.2. 

Comparing the results at 10-3 strain/s to the dynamic loading rates show the significance of the 

dynamic behavior. Similar to the diamond bonding pattern, a significant increase in the maximum 

strength and modulus is observed at higher loading rates accompanied by a massive reduction in 

the ability of the specimens to undergo larger failure strains indicating a ductile to brittle transition 

in failure behavior. The 30 gsm samples show an increase in the maximum strength ranging from 

2300% to 4100% at dynamic loading rates (216 strain/s to 329 strain/s) as shown in Fig 4.2a. The 

sample elongation at break is reduced at higher loading rates by around 93% to 87% at dynamic 

loading rates. Furthermore, a substantial increase in the modulus of at least 15500 % is observed 

at high strain rates. 

For the group of samples with the 20 gsm basis weight (Fig 4.2b), an increase in the maximum 

strength ranging from 757% to 2180% is observed at higher loading rates. Additionally, a 

reduction in the failure strain ranging from 90% to 85% is shown at dynamic rates. The modulus 

of the 20 gsm samples show an increase of at least 6700% is shown across high loading rates.  

Fig 4.2 further shows the effect of basis weight on the dynamic behavior of the rectangular bonding 

pattern specimens. The maximum strength of the 30 gsm samples is approximately 129% to 233 

% higher than the strength of 20 gsm samples at dynamic rates. The failure strain of higher basis 

weight is slightly higher (5%) across dynamic loading rates. The modulus of 30 gsm samples is 

roughly 161% to 300% higher than the modulus of the 20 gsm samples.   
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Figure 4.2: Comparison between the dynamic and the quasi-static experimental results 

(representative) of rectangular bond pattern specimens (a) 30 gsm MD (b) 20 gsm MD 

 

The dynamic characterization of the specimens with the circular bonding pattern is discussed in 

Fig 4.3. Comparing the results at 10-3 strain/s to the dynamic loading rates show the significance 

of the dynamic behavior. For 30 gsm case (Fig 4.3a), the samples experience a substantial increase 

in the maximum strength ranging from 1400% to 2400% at dynamic rates (281 strain/s to 332 
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strain/s). Also, the failure strength is significantly reduced by around 80% to 90% at dynamic rates. 

Specimens tested at high-strain rates experience increase in the modulus of at least 7400% 

 For the 20 gsm basis weight samples, (Fig 4.3b), an increase in the maximum strength of 1700% 

to 3100% and a reduction in the failure strain of 73% to 86% is observed at high strain rates (215 

strain/s to 303 strain/s). The modulus of 20 gsm shows an increase of at least 4000% at dynamic 

loading rates.  

Fig 4.3 further shows the effect of basis weight on the dynamic behavior of the circular bonding 

pattern specimens. The maximum strength of 30 gsm samples show higher  than strength of 20 

gsm samples at dynamic rates. The failure strain does not seem to be affected by basis weight at 

dynamic loading rates. The modulus of 30 gsm samples is approximately 47% to 62%  higher than 

the modulus of 20 gsm samples at high strain rates.  

As discussed in Figs 4.1, 4.2, and 4.3, the failure strain changes as the loading rate increase. Fig 

4.4 shows the high-speed frames right before the failure strain for all bonding patterns. The initial 

length of representative specimens is compared to the final length across all loading rates. The 

specimens travel shorter distances as the loading rate increases. As shown in the dynamic stress 

strain curves show, the reduction in the failure strain at dynamic load is drastic.   
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Figure 4.3: Comparison between the dynamic and the quasi-static experimental 

(representative) results of circular bond pattern specimens (a) 30 gsm MD (b) 20 gsm MD 
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Figure 4.4: Reduction in the strain to failure across loading rates of representative MD 

specimens (a) diamond bond pattern (b) rectangular bond pattern (c) circular bond pattern 

 

Fig 4.5 shows the scatter of the max strength data across different loading rates. Also, the effect 

of the bond pattern on the dynamic response of nonwovens is shown in Fig 4.5. As discussed 
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earlier, specimens with diamond bond patterns have higher strength due to the higher fraction of 

bonded area.  

For all bond patterns, directions, and basis weights, the trendline indicate the linear increase in the 

strength up to a certain point. When looking at the wide spectrum of loading rates including quasi-

static and dynamic, the increase is nonlinear.  

 

Figure 4.5: The effect of the strain rate on the maximum strength (a) Diamond pattern bond (b) 

Rectangular pattern bond (c) Circular pattern bond 
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Figure 4.6: The effect of the strain rate on the failure strain (a) Diamond pattern bond (b) 

Rectangular pattern bond (c) Circular pattern bond 

  

In Fig. 4.5, two analytical models are plotted to predict the strength of the specimen as the rate 

increases. Both Johnson-Cook model [74] and Cowper-Symonds [75] model predicted a linear 

increase in the strength as the loading rate increases. This prediction is found to be true only within 



   

100 

 

the quasi-static and intermediate rate regimes. However, when the rates increase to dynamic rates, 

the models fail to accurately predict the results. This indicates two important things, the rate-

dependency is very different at dynamic rates and therefore the entire behavior of nonwovens at 

high loading speeds/rates is different and not well captured with the assumed linear logarithmic 

scaling. The other thing is that the current analytical models that accurately describe the behavior 

for common materials do not provide the right prediction when used in dynamic characterization 

of nonwovens. The current models under predict the performance at high rates, indicating that the 

response will not be captured accurately, and the results will not provide correct design choices 

for applications. Therefore, the experimental data collection is currently the only valid way to fully 

understand this behavior of nonwovens, and new models need to be developed that can accurately 

capture the materials response. The scatter of failure strain data across loading rates is shown in 

Fig 4.6. The reduction in the failure strain follows a linear trend as the loading rate increases. 

Circular and rectangular bonding patterns undergo larger strain due to the larger area covered by 

fibrous matrix within the specimen (less fraction of bonded area). In CD direction, specimen 

undergo larger values of failure strain due to fiber reorientation. 

4.2. Dynamic Failure Mechanisms 

The high-speed camera frames taken at 100,000 fps show multiple damage mechanisms associated 

with dynamic testing. In Fig 4.7, damage images confirm the brittle failure occurred in the 

specimens with diamond bonding pattern. Clearly, Fig 4.8c shows the brittle failure occurred at 45 

degrees, causing a complete failure. Fiber breakage is observed at multiple locations the samples 

are loaded in both MD & CD direction.  
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Figure 4.7: Brittle failure modes at high strain rate of specimens with diamond bonding pattern 

(a) 275 s-1 MD (b) 275 s-1 CD (c) 365 s-1 MD (d) 365 s-1CD 

 

Fig 4.8 shows the dynamic failure behavior of specimens with the rectangular bonding pattern. In 

addition to fiber breakage (Fig 4.8a), fiber disentanglement (Fig 4.8b), a complete brittle failure 

(Fig 4.8c) are observed when sample is loaded. Furthermore, unlike diamond bonding pattern 

specimens, fracture zones appear in multiple locations on the specimens with the rectangular 

bonding pattern (Fig 4.8d). This agrees with the quasi-static damage modes discussed in Fig 3.24b.  
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Figure 4.8: Brittle failure modes at high strain rate of specimens with rectangular bonding 

pattern (a) 216 s-1 MD (b) 216 s-1 CD (c) 298 s-1 MD (d) 298 s-1 CD 

 

The dynamic failure mechanisms of specimens with the circular bonding pattern are illustrated in 

Fig 4.9. Brittle failure occurs at samples tested in both MD and CD (Fig 4.9b and Fig 4.9c). Similar 

to the specimens with the rectangular bonding pattern, fracture zones are observed as the specimen 

approaches its ultimate failure point (Fig 4.9c).  
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Figure 4.9: Brittle failure modes at high strain rate of specimens with circular bonding pattern 

(a) 284 s-1 MD (b) 284 s-1 CD (c) 332 s-1 MD (d) 332 s-1 CD 

4.3. Dynamic DIC Results 

A further investigation on strain localization is conducted using digital image correlation (DIC) 

analysis. The strain distribution on samples with the diamond bonding pattern at dynamic 

loading rates is shown in Fig 4.10 and Fig 4.11.  

As the strain value approaches almost the maximum failure strain (95%) of failure strain, strain 

localization increases at both 50 and 100 psi. Similar to the quasi-static case, the strain distribution 

around the middle section is fairly homogeneous. More strain localization at random locations on 

the samples appear when the strain approaches the failure strain. When the samples are loaded in 

CD at 100 psi, the DIC software lost correlation in some areas on the specimens for frames 

correspondent to strain values greater than 90% of the failure strain due to the initiation of the 

brittle failure crack. Higher localization is observed at higher loading rate and CD direction (Fig 

4.11b and Fig 4.11d) 
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Figure 4.10: DIC strain distribution for diamond bond specimens tested at 223 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 

 

Figure 4.11: DIC strain distribution for diamond bond specimens tested at 365 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 

 

DIC analysis on specimens with rectangular bonding patterns is shown in Fig 4.12 and Fig 4.13. 

The strain is homogenous in the middle section of specimens. As the sample approaches its failure 
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strain, more localization appears at random locations. Localization increases sat higher loading 

rate (100 psi). Also, CD specimens have more localization than MD specimens.  

The strain distribution in specimens with circular bonding patterns is shown in Fig 4.14 and Fig 

4.15. At 95% of failure strain, more localization appears at random locations for both MD and CD 

orientations. Localization increases at 100 psi, and CD specimens have more localization than MD 

specimens due to the higher fiber reorientation.  

 

Figure 4.12: DIC strain distribution for rectangular bond specimens tested at 216 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 

 

Figure 4.13: DIC strain distribution for rectangular bond specimens tested at 298 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 
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Figure 4.14: DIC strain distribution for circular bond specimens tested at 284 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 

 

Figure 4.15: DIC strain distribution for circular bond specimens tested at 332 strain/s (a) MD 

50% Ɛf (b) MD 95% Ɛf (c) CD 50% Ɛf (d) CD 95% Ɛf 

4.4. Conclusion 

In this chapter, the dynamic response of nonwoven specimens was investigated. The Split 

Hopkinson Tension Bar (SHTB) device was utilized to test samples at high-loading rates of 100 

to 400 strain/s. A highly sensitive piezoelectric force transducer was used to capture the output 
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force signal. Moreover, in this chapter, rate-dependent properties at high loading rates were 

compared against the quasi-static response. The influence of the basis weight and bonding pattern 

on the rate-dependent properties was further studied in this chapter. Additionally, the damage 

mechanisms were obtained from the high-speed camera images at 100,000 fps. This chapter had 

also discussed the strain localization and distribution at high loading rates using the digital image 

correlation (DIC) technique.  

The results from the dynamic test showed a substantial increase in the maximum strength and 

modulus at high loading rates for all bonding patterns. The results also showed that the strain at 

break was significantly reduced at dynamic loading rates. The specimens with the 30gsm basis 

weight showed higher rate-dependent properties than the 20 gsm basis weight specimens. The 

specimens with diamond bonding patterns showed a substantially higher strength and modulus 

than specimens with rectangular and circular bonding patterns. This is because of the higher 

fraction of area covered by the bond points in the samples with diamond bonds. Also, results shown 

that as at dynamic rates, the relationship between loading rate and the strength is no longer 

logarithmically linear. Applying Johnson-Cook and Cowper-Symonds rate-dependent analytical 

models showed that the linear relationship is only valid within the quasi-static and intermediate 

rate regimes. However, when the rates increase to dynamic rates, the models fail to accurately 

predict the results. This indicates two important things, the rate-dependency is very different at 

dynamic rates and therefore the entire behavior of nonwovens at high loading speeds/rates is 

different. The other thing is that the current analytical models that are used to describe their 

behavior  at low-loading rates do not provide the right prediction when used in dynamic 

characterization of nonwovens. Therefore, the experimental analysis is currently the only valid 

way to fully understand this behavior of nonwovens. 
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Furthermore, the high-speed camera images showed an obvious ductile to brittle transition in the 

material failure mechanisms. Fiber breakage, brittle failure, and fiber disentanglement were the 

most common damage modes. The DIC results showed that strain localization increased near the 

failure strain. The specimens with rectangular and circular bonding patterns showed higher 

localization than the specimens with the diamond bonding patterns. Also, when testing in CD 

direction, the specimens showed more strain localization due to fiber reorientation.  
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CHAPTER FIVE: CONCLUSION & FUTURE WORK 

Two major hypothesis were presented at the onset of this work. The first hypothesis focused on 

the method for capturing rate dependent data. 

Hypothesis: The Split Hopkinson Tension Bar can be modified to capture accurate dynamic 

properties at elevate rates for nonwoven materials. 

This work showed the development of multiple modifications to the SHTB setup in order to 

perform accurate rate-dependent mechanical characterization at higher loading rates. This included 

the design, fabrication and iteration of a unique gripping mechanism that could hold the delicate 

nonwovens without causing premature failure. The incorporation of a force transducer to 

determine relatively low forces that were passing through. And independent verification of the 

strain fields through the incorporation of DIC, which aided in determining localizations of strain 

in the nonwovens indicating the onset of failure.  

The second hypothesis was focused on a broader understanding of nonwovens and how their 

properties can be extrapolated from low-rate testing.  

Hypothesis: The logarithmic scaling observed at low strain rates can be extrapolated to determine 

the response at much higher strain rates for nonwoven materials, reducing the need for dynamic 

testing. 

This worked proved that the current methods for extrapolating material properties from 

generalized homogenized models does not work. The rate dependent response at higher loading 

rates does not follow the same liner logarithmic increasing of the stress value. This is a vital 



   

110 

 

understanding as the material actually greatly stiffens up at higher rates and has a much lower 

strain to failure that one would expect. This is a major source of failure in these materials. This 

work showed for the first time that the homogenization models that are used to capture the response 

of many nonwovens cannot actually capture the properties.  New models need to be developed that 

can accurately capture this phenomena.  

5.1 Summary 

The goal of this work was to understand the influence of loading rate on the mechanical behavior 

of nonwovens and identify when transitions in failure modes occur, and the underlying 

mechanisms associated with these transitions. The polypropylene samples are carded and 

thermally bonded with basis weights of 20 gsm and 30 gsm. The samples are tested in machine 

direction (MD) and cross direction (CD). Three groups of samples with different bonding patterns 

were investigated. A group with a diamond-shaped bonding pattern, a group with a rectangular-

shaped bonding pattern, and a group with a circular-shaped bonding pattern. An Instron 8502 load 

frame was utilized to conduct quasi-static and intermediate strain rate experiments. A Split 

Hopkinson Tension Bar (SHTB) device was utilized to test samples at dynamic loading rates. A 

highly sensitive piezoelectric force transducer was used to capture the output force signal in the 

dynamic experiments. A low-speed camera and LED lightings are used to monitor deformation 

during the quasi-static test. In dynamic experiments, a high-speed camera of 100,000 fps is utilized 

to track the motion and orientation of fibers after deformation.  

The quasi-static strain rates of 10-3 and 10-2 strain/s , intermediate strain rates of 10-1 and 1 strain/s, 

and dynamic rates of 100 to 400 strain/s are investigated. A novel dynamic experimental technique 

to measure nonwovens dynamic properties was developed using Split Hopkinson tension bar 

(SHTB) device. This device is traditionally used to test metals, ceramics, composites, wood, and 
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other stiff materials. This work has provided a solution for the several issues associated with using 

SHTB in dynamic testing of soft materials. The first issue was that the traditional grips cannot be 

used to mount soft nonwovens. This is due to sample slippage and boundary damage which 

resulted in erroneous results and sample edge failure. After running several trials and design 

iterations, this issue was solved by fabricating a special gripping system with a conical shaped 

casing to prevent the axial motion of the specimen when being pulled at very high rates. The second 

concern when using SHTB in dynamic testing of soft materials was that nonwovens have very low 

mechanical impedance and strength compared to the steel bar impedance. This issue was solved 

by trying using bars made of aluminum 7075-T6 alloy. The third issue was that the inherited low 

wave speed in nonwovens resulted in much longer transit time unlike other stiff materials. 

Therefore, without having a long enough pulse, it was extremely challenging to reach an 

equilibrium state of stress during the dynamic event. This is solved through using a longer than 

normal striker bar to ensure a long pulse to ensure adequate time for the sample to be mechanically 

loaded along with performing independent measurements of the stress and strain to ensure the 

estimations from the bar theory are correct. The fourth issue was that the large areal difference 

between the specimen, bar and grip caused additional impedance mismatch. This was solved 

through hollow sets of bars and grips. The fifth issue was that the hyperelastic nature of the 

specimens causes specimens to undergo very large deformation before they fail, therefore it is very 

challenging to get the stress-strain response in a single pulse like metallic specimens. This was 

solved by using very long bars to reduce inertia and obtain the necessary displacements. Although 

the previously mentioned modifications showed a highly improved signal compared to the very 

first trials with the original device setup, the output signal was not high enough across all high 

rates and sample variation. To further mitigate this issue, a completely different output setup was 
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created. A highly sensitive piezoelectric sensor was used to register the strain signal instead of the 

traditional strain gauges. Although the original sensor mounts did not fit with the SHTB setup, the 

authors have designed modified grips with stepped adapter and aluminum mounting plates to 

clamp the sensor all the time when being pulled at very high rates. Combing this new output setup 

with the previously suggested modification resulted in a significantly higher pulse that is easy to 

measure across all high rates despite the very weak mechanical properties of the specimens.  

5.2 Research Questions Revisited 

1. How does the mechanical behavior of nonwovens change when they undergo high loading 

rates during their manufacturing processes? 

The analysis of the rate-dependent properties showed a significant increase in the strength and 

modulus accompanied by a drastically reduced strain to failure in nonwovens when loading rate 

reaches dynamic strain rates. Furthermore, the results from analyzing the strength across loading 

rates showed that the relationship between loading rate and the strength is no longer linear. 

Applying Johnson-Cook and Cowper-Symonds rate-dependent analytical models showed that the 

linear relationship was only valid within the quasi-static and intermediate rate regimes. However, 

when the rates increase to dynamic rates, the models failed to accurately predict the results. This 

indicated two important findings, the rate-dependency was very different at dynamic rates and 

therefore the entire behavior of nonwovens at high loading speeds/rates was different. The other 

thing was that the current analytical models that accurately described the behavior of other 

common materials did not provide the right prediction when used in dynamic characterization of 

nonwovens. Therefore, the experimental analysis is currently the only valid way to fully 

understand this behavior of nonwovens. 
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2. What types of failure mechanisms are associated with the manufacturing process, and how 

do those failure mechanisms change when the loading rate increases? 

The low-speed camera images showed that fiber breakage, fiber disentanglement, and bond 

rotation are the most common damage modes. Fracture zones were also observed for both circular 

and rectangular bond patterns. This is due to the larger area covered by the fibrous matrix in both 

circular and rectangular bond patterns. During their deformation, excessive fiber disentanglement 

takes place creating those internal fracture zones.   

In dynamic experiments, the damage mechanisms were obtained from the high-speed camera 

images at 100,000 fps. The images showed an obvious ductile to brittle transition in the material 

failure mechanisms. Fiber breakage, brittle failure, and fiber disentanglement were the most 

common damage modes. Furthermore, the dynamic damage mechanism frames showed two 

critical observations that agreed with the previously discussed rate-dependent properties. The first 

observation is that the specimens were completed fractured at very small displacement (compared 

to the displacements in quasi-static and intermediate rates). This is because the fibers within the 

specimen have less time to realign to the loading direction in dynamic tests compared to quasi-

static conditions. The second observation is that at dynamic rates, the failure becomes more 

catastrophic and dominated by brittle fiber fracture. The percentage of fiber rupture increased, and 

amount of creep decreased resulting in higher stresses.  

Also, Digital image correlation (DIC) analysis was performed to study the strain localization on 

all the samples tested. DIC showed that strain localization occurs at different locations on the 

specimens. Also, localization increases as the sample approaches the maximum failure strain. DIC 

results further showed that at higher loading rates, more strain localization points appear on the 
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surface of the specimens. Moreover, DIC also showed that more strain localization is observed 

when testing in the CD direction due to fiber reorientation.  

3. What is the influence of nonwovens structural parameters such as basis weight, fiber 

orientation, and bond pattern on the rate-dependent properties of nonwovens in both quasi-

static and dynamic loading conditions?  

Higher basis weight samples with higher fiber volume showed higher rate-dependent properties 

across all loading rates and fiber orientations. Specimens with initial orientation of fibers in CD 

direction showed larger failure strains across all loading rates. This is due to the excessive fiber 

reorientation. When testing in cross directions, the fibers are aligned perpendicularly to the loading 

direction. The fibers would change their original orientation to the loading direction as being 

deformed. However, in MD direction, the fibers are already aligned in the loading direction, so no 

additional strains are required to line them up.Also, the specimens with the diamond bond patterns 

showed higher strength than the specimens with rectangular and circular bonds. This is because of 

the higher fraction of area covered by the bond points in the samples with diamond bonds. 

However, the specimens with the rectangular and circular bonding patterns showed a higher ability 

to undergo large failure strains across low and intermediate strain rates than the specimens with 

the diamond bonding pattern. This is attributed to the larger area covered by fibrous matrix in 

rectangular and circular bonding pattern. It is worth noting that at all rates, the strength at 20 gsm 

MD is higher than 30 gsm CD, this tells us that the initial ODF is more critical than the 10 gsm 

increase in basis weight. Also, the strength of 30 gsm CD diamond pattern is higher than 30 gsm 

MD rectangular and circular. This tell us that bond pattern is more critical than initial orientation 

distribution.  
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The anisotropy of tensile properties has been investigated. This includes the analysis of the tensile 

strength MD/CD ratio, failure strain MD/CD , and modulus ratio MD/CD . Results from measuring 

the anisotropy in tensile properties showed that the specimens tend to have higher anisotropy in 

strength as the loading rate increases. However, a reduction in the failure strain anisotropy is 

observed at intermediate strain rates. This behavior of tensile anisotropy is expected in the high-

speed carding process. This is because carding produces fibers with dominant orientation in the 

machine direction. The dominance of  machine direction fibers results in a higher strength 

anisotropy and a lower failure strain anisotropy.  

Overall, the analysis of the nonwoven structural parameters showed that changing those 

parameters add extra complexity to the dynamic behavior of nonwovens. This is particularly true 

for the case of the initial orientation of fibers and the bonding pattern of the specimens. 

5.3 General Conclusions and Broader Context 

The frustrations of parents where the tabs on diapers rips off when they are trying to top on an 

escaping toddler as fast as possible, now have a way to be understood can characterized. Overall, 

the following broader concluding remarks can be stemmed from this work. 

1) The dynamic experimental technique presented in this work is novel and new method that 

although developed specifically for nonwovens can be applied to a variety of other  

materials including thin polymer sheets, single polymer fibers, and other thin, highly 

deformable low modulus materials.  

2) The behavior of nonwovens at dynamic rates is very different from their quasi-static and 

intermediate rate behavior. The rate-dependency models traditionally used failed to 

extrapolate the strength data at dynamic rates and will underpredict performance. 

Therefore, currently only experimental analysis is reliable when characterizing the 
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dynamic behavior of nonwovens. The results from analysis provided in this work can be 

used to predict the rate-dependent behavior of thin deformable nonwovens. New models 

need to be developed that capture the accurate rate dependent response, which is a future 

area of research that needs to be explored. 

3) Through studying the role of the critical nonwoven structural parameters, suggestions on 

maintain high mechanical properties at a reduced basis weight are provided. In general, we 

found that a thin nonwoven fabric with higher bonded area and lower basis weight will 

show higher strength than a thin nonwoven fabric with less bonded area and higher basis 

weight. Additionally, a lower basis weight nonwoven with the majority of fibers oriented 

in MD direction will have higher strength than a heavier nonwoven with most fibers 

oriented in CD. Although this depends on calculating the exact bond area size, the 

orientation distribution of fibers (ODF), and the desired reduction in basis weight, it still 

shed some light into ways to obtain lighter and lower cost nonwoven products with 

enhanced mechanical properties.  

4) This work provided a detailed understanding of why many nonwovens fail unexpectedly 

in application or use. The drastic change at higher rates of the properties will ultimately 

provide the limiting factor for production speed. This newfound understanding provides an 

new opportunity to optimize and speed up the manufacturing processes knowing where we 

can get certain gains in the material performance. 
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5.4 Future work 

Several research lines are suggested to carry on the investigation proposed in this work. Further 

experimental testing could be done on nonwoven fabrics produced by other techniques such as 

spun bonding and melt blowing nonwovens since the majority of nonwoven products are either 

produced by spun bonding or melt blowing. Furthermore, UHMWPE needle punched nonwovens 

are  suggested in ballistic protection due to their superior strength and energy absorption capability. 

It would be very interesting to study how they behave under high strain rates.  

 Another part worth investigating would be to examine nonwovens behavior under multiaxial 

loading conditions such as biaxial loading, shear, and punching 

Also, investigating the influence of bonding temperature and bonding pressure on the mechanical 

properties is worth studying.  

Alternatively, dedicating efforts to build a numerical model based on the rate-dependent properties 

in this work of all the cases studied would be very useful. A model must incorporate the complex 

damage mechanisms of nonwoven and the nonuniform microstructure of nonwovens to accurately 

represent the mechanical behavior of nonwovens, especially at higher loading rates. 
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