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A mi familia

“Questi non ciberà terra né peltro,
ma sapienza amore e virtute,
e sua nazion sarà tra feltro e feltro”

Dante Alighieri, Commedia [Inferno, Canto 1]
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Resumen

Los fieltros son materiales fabricados a partir de agrupaciones desordenadas
de fibras que se consolidan mediante enlaces de distintos tipos. Durante los últi-
mos años las aplicaciones industriales de estos materiales han experimentado un
rápido crecimiento gracias a la incorporación de nuevas fibras y procedimientos
de consolidación.

Con el propósito de tener una mayor perspectiva, en este estudio se han
elegido dos fieltros distintos. El primero de ellos es un fieltro de fibra de vidrio
unido por un adhesivo orgánico en las intersecciones entre haces de fibras. El
segundo es un geotextil comercial compuesto de fibra continua de polipropileno
consolidado por unión térmica.

Los micromecanismos de deformación y daño del fieltro de fibra de vidrio se
analizaron mediante una combinación de experimentos y simulaciones numéri-
cas. Se llevaron a cabo ensayos mecánicos a tracción sobre muestras rectan-
gulares con y sin entalla para estudiar los fenómenos físicos que controlan el
desarrollo del daño. Como resultado, se ha encontrado que la fractura comen-
zaba en los enlaces entre haces de fibras, continuaba con el deslizamiento entre
haces y que conllevaba a la localización del daño en una franja relativamente
ancha. El comportamiento mecánico del fieltro hasta fractura se modeló me-
diante la simulación por elementos finitos de una red bidimensional aleatoria de
fibras donde las características geométricas de la red y las propiedades consti-
tutivas fueron obtenidas de los experimentos sobre el fieltro real. Siguiendo las
observaciones experimentales, el modelo incluía la rotura por decohesión entre
haces y la disipación de energía por rozamiento entre ellos. Los resultados de las
simulaciones mostraron un buen acuerdo con los experimentos tanto en su res-
puesta macroscópica como en los mecanismos microscópicos. Las simulaciones
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Resumen

contribuyeron a explicar algunas de las características particulares de los datos
experimentales, incluyendo el efecto de las dimensiones de las probetas sobre
la resistencia, así como el comportamiento insensible a entalla que presenta el
material. Además, se utilizó el modelo numérico para investigar en este ma-
terial el patrón de localización del daño bajo solicitación biaxial y uniaxial en
ejes mutuamente transversales. Se averiguó que la localización de la grieta en
los fieltros estaba controlada por la máxima tensión normal aplicada indepen-
dientemente del camino de carga. La sensibilidad a entalla de los fieltros era
limitada y la presencia de una entalla no modificaba la trayectoria de la grieta.

Análogamente, se procedió a analizar los mecanismos de deformación y frac-
tura del geotextil de polipropileno en una amplia gama de velocidades de defor-
mación. Se consideraron dos casos (probetas entalladas y no entalladas) para
comprobar cómo se modifican dichos mecanismos en presencia de concentración
de tensiones. El fieltro de polipropileno presentaba una gran deformabilidad y
capacidad de absorción de energía, que disminuía con la velocidad de defor-
mación, así como una considerable resistencia, que a su vez aumentaba con la
velocidad de deformación. El material mostraba un comportamiento insensible
a entalla al disminuir la concentración de tensiones en la punta de la grieta por
un gran enromamiento causado por un fenómeno de reacomodación de las fi-
bras. Se utilizaron diversas técnicas experimentales para establecer la secuencia
de procesos de deformación y fallo y relacionar estos micromecanismos con el
comportamiento macroscópico.

Al contrario que en el caso del fieltro de fibra de vidrio, la alta densidad del
geotextil de polipropileno no permite el modelado completo de la microestruc-
tura del fieltro. Para afrontar el problema, se presenta un modelo constitutivo
para el comportamiento mecánico. El modelo está basado en el método de los
elementos finitos y proporciona la respuesta constitutiva de un mesodominio
del material que se corresponde con el área de un elemento finito. El modelo
se construye sobre tres bloques básicos: el tejido, las fibras y el daño intro-
ducido. La formulación tensorial de la respuesta del tejido tiene en cuenta con
rigor el efecto de rotación de las fibras e incluye el comportamiento no lineal de
las fibras. A su vez, los distintos mecanismos de daño observados experimen-
talmente se introducen de un modo fenomenológico. Asimismo, la naturaleza
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Resumen

aleatoria de los fieltros entra en el modelo mediante un método de Monte Carlo
que determina los umbrales de daño. Los resultados del modelo se validan con
los resultados experimentales de los ensayos de tracción sobre probetas sin y
con entalla descritos en los apartados anteriores.
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Abstract

Nonwoven felts are materials manufactured from a set of disordered fibers
consolidated by bonds of different nature depending on the particular material
or processing technique. The industrial applications of these materials have
grown very rapidly in recent years with the incorporation of new fibers and
consolidation processes.

In order to gain a wider perspective of this materials, two different modern
nonwovens were selected for this study. The first was a mat composed of glass
fiber bundles connected at the cross point through an organic binder. The
second one is a commercially available geotextile made of thermally consolidated
polypropylene fibers.

The deformation and damage micromechanisms of the glass-fiber non-woven
felt were analyzed with a combination of experiments and simulations. Tensile
tests were carried out on unnotched and notched rectangular panels to ascer-
tain the physical phenomena which control the development of damage. It was
found that fracture began by interbundle bond fracture followed by frictional
sliding between bundles, leading to the localization of damage in a wide band.
The mechanical behavior of the non-woven felt until final fracture was modeled
by the finite element simulation of a 2D random network in which the geomet-
ric characteristics of the network and the constituent properties were obtained
from experiments on the actual non-woven felt. Following the previous experi-
mental observations, fracture by interbundle decohesion and energy dissipation
by frictional sliding between the bundles were included in the model. The simu-
lation results were in very good agreement with the experiments in terms of the
macroscopic response and of the microscopic mechanisms. They contributed
to explain different features of the experimental data, including the effect of
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specimen dimensions on the strength and the notch-insensitive behavior of the
material. Additionally, the numerical model was used to study the pattern of
damage localization and fracture under uniaxial and biaxial tension in this ma-
terial. It was found that the failure path in these materials was controlled by
the maximum applied normal stress, regardless of the loading path.

Analogously, the micromechanisms of deformation and fracture in tension
were analyzed for the polypropylene nonwoven geotextile material in a wide
range of strain rates. Two different loading scenarios (smooth and notched
specimens) were considered to study how these mechanisms are modified in
presence of a stress concentration. The nonwoven fabric presented significant
deformability and energy-absorption capability, which decreased with the strain
rate, together with a high level of strength, which increased with strain rate. In
addition, the material was notch-insensitive as the stress concentration around
the crack tip was relieved by marked non-linear behavior, which induced crack
blunting. Different experimental techniques were used to establish the sequence
of deformation and failure processes and to link these micromechanisms with
the macroscopic behavior.

The high density of the polypropylene geotextile does not allow a full mod-
eling of the felt microstructure. To address this problem, a constitutive model
is presented for the in-plane mechanical behavior of the fabric. The model is
developed within the context of the finite element method and provides the
constitutive response for a mesodomain of the fabric corresponding to the area
associated to a finite element. The model is built upon the ensemble of three
blocks, namely fabric, fibers and damage. The continuum tensorial formulation
of the fabric response takes rigorously into account the effect of fiber rotation
for large strains and includes the non-linear fiber behavior. In addition, the
various damage mechanisms experimentally observed (bond and fiber fracture,
interfiber friction and fiber pull-out) are included in a phenomenological way
and the random nature of these materials is also taken into account by means of
a Monte Carlo lottery to determine the damage thresholds. The model results
are validated with the experimental results on the tensile response of smooth
and notched specimens of the polypropylene nonwoven fabric described in the
previous sections.
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Notation

The following tensorial notation will be used

a Scalar
a Vector, components ai

A Tensor, components Aij

(second rank tensor unless otherwise specified)
I Identity tensor

AT Transposed tensor of A
A−1 Inverse tensor of A
trA Trace of tensor A
detA Determinant of tensor A
AB Product of matrices. (AB)ij = AikBkj

a · b Scalar product of a and b. (a · b) = aibi

A ·B Scalar product of A and B. (A ·B) = AijBij

A⊗B Tensor product of A and B. (A⊗B)ijkl = AijBkl

ȧ, ȧ, Ȧ Time derivatives of a scalar, vector and tensor, respectively
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Notation

The main variables used through the text are listed below, ordered in blocks.
Units are specified when necessary.

General mechanical variables:

u Displacement vector
v Velocity vector
F Deformation gradient tensor
J Jacobian determinant. J = detF
R Orthogonal tensor in the polar decomposition of F
U Right stretch tensor
V Left stretch tensor
C Right Cauchy-Green deformation tensor
ε Infinitesimal deformation tensor
S Second Piola-Kirchoff stress tensor
σ Cauchy stress tensor
ω̇ Mechanical power per unit volume

Variables associated to fibers:

l Length [m]
Ω Cross sectional area [m2]
λf Fiber stretch
ρf Fiber density [g/cm3][kg/m3]
ef Engineering strain
sf Engineering (or nominal) stress [MPa]
Ef Elastic modulus [GPa]
sy

f Engineering yield stress [MPa]
ēp Plastic strain
Hf Hardening modulus Hf = dsf/dēp [MPa]
eu

f Engineering strain-to-failure
su

f Engineering tensile strength [MPa]
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Variables associated to the fabric:

W Felt width [m]
H Felt height [m]
Lf Total fiber length in the felt [m]
Ni Total number of fiber intersections in a certain region
ρ Planar density of the felt [g/m2][kg/m2]

ρgeom Geometrical felt density [m/m2][mm−1]
nl Linear bond density [mm−1]
na Planar bond density [mm−2]
lf Average free segment between intersections [mm]
ε Engineering strain
S Nominal stress [kN/m]
E Elastic modulus [kN/m]

Es,x Elastic secant modulus at x% strain [kN/m]
G Shear modulus [kN/m]

Wabs Absorbed work during deformation per unit fabric area [J/m2]
β Fiber orientation index

Variables associated to the formulation of the damage model:

b Bond (pull-out) or fiber strength [MPa]
p Probability of bond failure
b0 Parameter in a Weibull distribution (strength threshold)[MPa]
B Parameter in a Weibull distribution (reference stress) [MPa]
m Parameter in a Weibull distribution (distribution exponent)
lch Element characteristic length [m]
GF Fracture energy [kJ/m2]
gF Energy dissipation per unit volume [kJ/m3]
d Fiber damage variable
D Average damage over an element
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Chapter1
Introduction

1.1 Textiles, nonwovens, felts

It is customary to classify materials accordingly with their chemical com-
position. Metals, polymers or ceramics are well-established members of such
classifications. There are, however, other classifications based on origin (natu-
ral vs. artificial materials) or which consider a particular property (e.g. semi- or
superconductors), their behavior (thermoplastic vs. thermoset polymers), their
shape (bulk materials, films, fibers or granular materials) or the processing tech-
nique (e.g. cast vs. forged metals). If we focus our attention on structure, we
can immediately think of composites or textile materials.

The English word “textile” is used nowadays to denote those materials made
exclusively of fibers, although inaccuracies about the usage of the word are
frequently found in the literature. “Textile” derives from the Latin verb texere
(to weave) and is rigorously defined by the Merriam-Webster Dictionary as
“a woven or knit cloth”, therefore emphasizing the process. Curiously, the
definition for “cloth” reads “a pliable material made usually by weaving, felting,
or knitting natural or synthetic fibers and filaments”. Thus, being “cloth” and
“fabric” the most general words, this definition introduces the crucial notions
of “felt” and “felting”.

The question concerning what a traditional felt is can be answered with a
traditional story about its origins (CIBA Review, 1958):

1



Chapter 1. Introduction

Noah covered the floor of the Ark with wool plucked from the backs
of his sheep in an attempt to make the long voyage more comfortable
for both its human and animal inmates. As the waters were abated
and the animals left the Ark, Noah found, much to his surprise, that
the animals had tramped, fulled and compacted the fleece of loose
sheep’s wool. This was how felt came to be produced for the first
time.

Simple though the story is, it illustrates perfectly the fundamental points
of wool felting. A felt is a pressed, matted fabric formed by the interlocking of
certain unspun fibers, most notably wool. No spinning, weaving or knitting is
involved. Rather, through a combination of heat, moisture and pressure, every
individual fiber becomes completely entangled with the other fibers around it.
The tangled mass forms a natural, self tightening, felted mat (Gordon, 1980).
The steps outlined in the story are followed in making felt. The wool must first
be loosened or fluffed up so that the individual fibers can gain mobility. It may
be combed or carded, which imposes a certain degree of directionality.

The second step is to spread out the prepared fiber in a pile of the proper
shape and thickness. If the wool has been previously combed, the pile is ar-
ranged by alternating mutually perpendicular layers. This is called laying the
batt or blanket. When the felt is made by hand, the batt is usually placed
between two sheets of backing fabric, such as canvas or sheeting.

The batt then undergoes a hardening process in which water, pressure, heat
and sometimes chemical treatment are applied. Hot water or steam is usually
spread through the wool, and it is rolled, kneaded, pounded or vibrated un-
til entanglement occurs. It is hardened –felted— when it has formed a solid,
fairly dense mass that cannot be pulled apart. The hardening process produces
considerable shrinkage of the blanket.

Fulling is the continued working of the felt to get a denser, stronger fab-
ric. There is often no dividing line between hardening and fulling. The felt
is subjected to more moist heat and pressure; by entangling, interlocking and
shrinking even further, it becomes more and more solid. This process can be
stopped at any time as the felt is hard enough for its intended purpose.

2



1.1 Textiles, nonwovens, felts

Figure 1.1: Micrography of a wool fiber. Note the overlapping scales and
their orientation (fiber root to the left). Fiber diameter is 27 µm. Source:
Agricultural Research Service, U.S. Department of Agriculture.

Finishing processes may include shearing, singeing or sanding the felt surface
to make it smoother or, quite at the opposite extreme, bruising it to make it
coarser and shaggier. Chemical treatments of various kinds may also be applied.

The reason why wool possesses this unique capability of forming a com-
pact, homogeneous cloth was not sketched until the nineteenth century and not
completely understood until the advent of electron microscopy (Burkett, 1979).

Magnification with the microscope shows that the fiber surface is composed
of small scales (Fig. 1.1). These scales grow round the fiber like overlapping
roof tiles inclined towards the fiber tip. With heat and moisture, the scales
swell and open up, holding one another. Felting is, however, more complex
than the mere scale interlocking. When a fiber is submitted to rubbing, the
orientation of the scales makes the fiber move in the direction of its root end.
As many fibers move simultaneously backwards, since any movement in the op-
posite direction is impeded, they slide one into another and become irreversibly
entangled. Once the tangling has taken place, the scale-to-scale friction locks
the tangles together. This process is responsible for both the shrinkage and the
felt consolidation. The finished felt is solid can be cut into any shape without
sewing or reinforcement. Furthermore, there are no size limitations. Its dense
structure is highly resilient, for it can be compressed thousands of times with

3



Chapter 1. Introduction

no damage to the fibers. Felt is barely affected by exposure to the elements; it
is extremely absorbent of moisture and can prove to be impervious to water.
Beyond its thermal insulating capability, Pliny (VIII.73) said that felt, once
compressed and well soaked in vinegar, was capable of resisting iron and even
fire.

1.1.1 Historical overview

Although the sophisticated mechanisms behind feltmaking were never re-
alized by the nomadic peoples who made use of it for millennia, they fully
exploited its possibilities.

Despite its unknown origin, in all probability it is the earliest form of tex-
tile and, like most of them, has a low survival rate in archaeological condi-
tions. Given the fact that felt production depends on the availability of large
quantities of wool, and consequently on animal keeping on a large scale, the
origins of felt-making are bound to be closely connected —geographically and
chronologically— to the domestication of sheep, goats and camels. The earliest
indication occurred during an excavation conducted in 1965 by James Mellaart
at Çatal Hüyük in Turkey (Burkett, 1979). On the interior wall of a shrine,
corresponding to a Neolithic level, a wall painting whose patterns and edging
technique were strongly reminiscent of felt appliqué. Finds of actual felt in
levels VI A (5700 B.C) and VI B (5900 B.C.) back the suggestion that this
material was known to the neolithic people of Çatal Hüyük.

In agricultural societies, felt never played the important role it held amongst
the nomads, where it was one of those basic materials on which life depended.
Considering the aforementioned properties, for the nomadic people of Eurasia
felt served not only for tent coverings, but also for such furnishing as rugs,
blankets , bags and even votive images. It was, and still is in a band some 1000
km wide stretching from the easternmost borders of Mongolia to the Balkans,
worn as garments in the form of mantles, cloaks, rain-capes, hoods, hats and
foot-wear. Saddle blankets and linings were also produced from this fabric, not
to mention other objects (Gervers & Gervers, 1974).

Examples of felts from the later Bronze age (1400 - 1200 B.C) have been
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found in Scandinavia, Germany and Siberia, but the most impressive material
was unveiled after the excavation of the burial chambers (kurgans) in the Altai
Mountains near Pazyryk (Russia). These kurgans are wooden chambers cov-
ered by stone mounds and a large number of their contents remain in perfect
condition due to the lack of air and low temperature caused by the surrounding
permafrost. The archaeological site contains around 220 chambers from the
Iron age (in particular, from the period 7th-2nd century B.C.) belonging to
one of the Scythian peoples –the Saka in the historic Persian tradition—. As
can be expected from nomadic herdsmen, many of the objects in the tombs are
made of wool. Among them, there are numerous superbly crafted felt items
(Fig. 1.2): fragments of tents, insulating carpets, elaborated hangings, pointed
caps, stocking-boots, caftans, sleeveless cloaks for women, bonnets, headdresses
and saddles, including saddle cushions and saddle cloths to fit under the saddle
itself.

The findings from Pazyryk show that the felt craftsmanship was essentially
fully developed in the 5th century B.C., although other peoples from the central
Asian steppes (Turks and Mongols) perfected and spread this technology seeking
protection from all ills, wind, rain and battle. The Mongols were in fact known
to the Chinese as the people of felt, an statement more precisely repeated by
Genghis Khan as “the generations who live in felt tents” (Olschki, 1949). These
Mongol tents, the ger (see Fig. 1.3), are still in use and have proved to be the
most suitable dwellings for the nomadic life of the steppes. Western travelers
declared that according to natives, “scorpions, phalanges, tarantulas, karakurts
and snakes cannot move on felt mattresses”, although they were not immune
to the presence of fleas.

The felt tradition in neighboring areas of the steppes such as Tibet, India,
Persia and Anatolia goes back to fairly ancient times. In fact, the Persian
hatmaking tradition has not been discontinued since they learned it from the
Scythians. Modern Turks are from Mongolian descent and possess a rich tradi-
tion as well. The kepenek mantle of the Anatolian shepherds is one of the few
felt garments in use today and can be also used as a sleeping bag.

Literary references to the use of felt in China go back to 2300 B.C., when
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Figure 1.2: Scythian felts from the excavations at Pazyryk. (a) Felt
Saddle Cover. Felt and leather; appliqué, 5th century B.C. (b) Small
Sock. Felt, 5th century B.C.(c) Fragment of a Felt Covering with a Grif-
fin. Felt, appliqué and embroidery, 5th century B.C. Images are used from
www.hermitagemuseum.org, courtesy of The State Hermitage Museum, St.
Petersburg, Russia.
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Figure 1.3: a) Mongolian ger. b) Detail of the felt between cotton layers.

warriors were known to protect themselves with felt shields, hats and other
clothes, and to use felt boats.

There is some evidence that the forbears of the Hungarians were responsible
for bringing the art of felt-making from Central Asia to Europe. In Hungary
itself has continued to be made. The Greek word for felt, pilos, refers to felt cloth
or anything done with felt, and it is mentioned as early as by Homer in the Iliad,
Hesiod, or authors from the classic period such as Herodotus (who described the
Scythians as living in felt tents), or Thucydides. From the Greeks, felt passed
easily to the Romans, and there are frequent references in Latin literature about
its production and use. Slaves, when given their freedom, used to shave their
heads and wear felt caps, so that the word “felt” (pileus) became synonymous
with freedom and civil liberties. A coin celebrating the assasination of Julius
Caesar in 44 B.C. shows a felt cap flanked by two daggers (Olschki, 1949). The
figure of Liberty in the coins of Antoninus Pius (138-161 A.D.) holds the cap in
her right hand.

Felt traditions have existed in Scandinavia for a very long time, probably
after learning the feltmaking technique from their Russian neighbors in the
north. During the Middle Ages felt was popular as saddle covers and helmet
linings. Generally, though, it was a low-status material, being felt hats for men
a fashionable exception from the 13th century to recent times.

For centuries, felt manufacture remained at the level of a rather crude man-
ual skill. It was the invention of a wool card in 1748 which brought a decisive
improvement in method. Processes became more automated after the invention
of steam machinery to harden the wool about the middle of the 19th century,
which led to the beginning of the felt manufacturing on an industrial scale.
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Paper

Another typical example of this nonwoven material is paper. The name
paper derives from the name of the papyrus plant, however, the methods of
production are different. Paper is made of pulped cellulose fibers (usually cot-
ton, flax, or wood), whereas papyrus is made of sliced sections of the inner pithy
body of the flower stem of the papyrus plant, laid in two layers at right angles,
pressed together and dried. According to tradition, paper was first made in AD
105 by Ts’ai Lun (50?-118), a eunuch attached to the Eastern Han court of the
Chinese emperor Ho Ti (r. 89-105). One Chinese record states that he

...first made paper by pulping fishing nets and rags. Later, he used
the the fibers of plants; any which proved sufficiently elastic in ten-
sion were used as the raw materials for paper. The raw materials
were first well boiled and then beaten into a mash. they were then
stirred into a pulp and spread on a straining frame or basket. When
it had formed a thin tissue, the resultant paper was then pressed
with heavy weights [...],

although this may not be correct. It is thought that the origins of Chinese
papermaking may lie in the manufacture of bark cloth from the Pacific islands.
The earliest known paper still in existence was made from rags about AD 150,
discovered in Turkestan in a ruined tower of the Great Wall of China by Sir
Aurel Stein in 1904, however, there is disagreement in China as to whether some
material possibly paper can be dated earlier than 105 AD. For approximately
500 years the art of papermaking was confined to China, but in 610 it was
introduced into Japan, and into Central Asia about 750. Tradition has it that
Chinese papermakers were captured by the Arabs in a battle near Samarkand
in 751, thus spreading the art westwards. In 793, there was a factory working in
Baghdad, with Chinese workmen introduced by Haroun-el-Raschid. The next
known place of production was Damascus, which was to supply Europe for
several centuries (particularly with the paper known as Charta Damascena).
Paper made its appearance in Egypt about 800 but was not manufactured
there until 900, and from there the knowledge was taken to Morocco, and from
Morocco to Europe by the Moors. The oldest known paper document in the
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Figure 1.4: The Göttingen Gutemberg Bible (ca. 1454). First page of
Genesis. Source: Göttingen State and University Library. 2◦ Bibl. I, 5955
Inc. Rara Cim.

West is the Mozarab Missal of Silos from the 11th century, probably using paper
made in the Islamic part of Spain. They used hemp and linen rags as a source
of fiber. The first papermills in Europe are found in Spain (Xativa, around
1056) and Italy (Genoa in 1255, but possibly around 1235 on the Ligurian
coast) although it should be noted that the use of paper in a country may
predate manufacture by 2-300 years. The first paper mill north of the Alps
was established in Nuremberg by Ulman Stromer in 1390. From the mid-14th
century onwards, European paper milling underwent a rapid improvement of
many work processes. The advent of printing in the middle of the 15th Century
boosted paper demand. 1

Then in the 1830s and 1840s, two men on two different continents took up
the challenge of using wood to make paper. Both Charles Fenerty and Friedrich

1The text concerning pre-industrial history of paper has been taken from the website of
the British Association of Paper Historians (2009).
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Gottlob Keller began experiments with wood but using the same technique
used in paper making; instead of pulping rags, they thought about pulping
wood. And at about exactly the same time, by mid-1844, they announced
their findings. They invented a machine which extracted the fibers from wood
(exactly as with rags) and made paper from it. Charles Fenerty also bleached
the pulp so that the paper was white. This started a new era for paper making.
By the end of the 19th-century almost all printers in the western world were
using wood instead of rags to make paper (Burger, 2007).

After WorldWar II, another type of textiles, somewhat intermediate between
paper and felt appeared in the market and were named “nonwovens” or “bonded
fabrics” In common with felt, they consist of loose fibers united into a firm flat
fabric without the intermediary of spun and woven yarns, in spite of the fact that
the random web of fibers is not consolidated as a result of inherent shrinking
and felting ability.

1.2 Nonwoven felts today

Returning to the issue of what a modern nonwoven is, they are defined by
ISO standard 9092 and CEN EN 29092. These two documents, identical in their
content, are the only internationally acknowledged definition of nonwovens. As
industry, trade and technology have evolved since their publication in 1988,
these standards are being updated by ISO experts to better reflect what the
present understanding of Nonwovens is. The following text has recently been
proposed to the International Standardization Organization by EDANA (Eu-
ropean Disposables and Nonwovens Association) and INDA (North America’s
Association of the Nonwoven Fabrics Industry):

A nonwoven is a sheet of fibres, continuous filaments, or chopped
yarns of any nature or origin, that have been formed into a web
by any means, and bonded together by any means, with the ex-
ception of weaving or knitting. Felts obtained by wet milling are
not nonwovens. Wetlaid webs are nonwovens provided they con-
tain a minimum of 50% of man-made fibres or other fibres of non
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vegetable origin with a length to diameter ratio equals or superior
to 300, or a minimum of 30% of man-made fibres with a length to
diameter ratio equals or superior to 600, and a maximum apparent
density of 0.40 g/cm3. Composite structures are considered nonwo-
vens provided their mass is constituted of at least 50% of nonwoven
as per to the above definitions, or if the nonwoven component plays
a prevalent role.

1.2.1 Use of nonwovens

Nonwovens are becoming more popular in many engineering applications
due to the lower processing cost and improved properties (energy absorption),
as compared to woven counterparts.

Listed below are some of the more familiar products made with nonwovens:

• disposable diapers

• sanitary napkins and tampons

• sterile wraps, caps, gowns, masks and drapings used in the medical field

• household and personal wipes

• laundry aids (fabric dryer-sheets)

• apparel interlining

• carpeting and upholstery fabrics, padding and backing

• wall coverings

• agricultural coverings and seed strips

• automotive headliners and upholstery

• filters

• envelopes

• tags
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• labels

• insulation

• house wraps

• fire barriers

• roofing products

• ballistic protection

• civil engineering fabrics/geotextiles

In 2008, the main market segments in terms of volume for nonwovens roll
goods, were hygiene (33.3%), construction (17.9%), wipes(15.8%) and construc-
tion (17.9%) 2

The global production figures for the period 2004-2007 are summarized in
the following table:

Table 1.1: Nonwovens production, 2004-2007.

Tonnes 2004 2005 2006 2007
Europe 1,335,900 1,470,000 1,581,000 1,699,000
North America 1,187,000 1,247,000 1,291,000 1,348,000
China 755,000 838,000 966,000 1,151,000
Japan 296,900 313,900 329,750 338,280
Korea 203,900 205,960 210,795 213,065
Taiwan 139,100 140,550 144,000 160,000
Rest of the world 404,200 753,590 741,284 841,655
TOTAL 4,322,000 4,969,000 5,263,829 5,751,000

In Europe, production of nonwovens contracted in weight by 6.3% from
2008 to 2009, with 1,609,819 tonnes of nonwovens produced in 2009. This com-
pares with the growth in the industry for 2008 of 1.2%, but EDANA reported
that sales had remained stable in terms of surface area, with minimal growth

2Source: www.edana.org
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recorded. According to a comparison of a select group of companies in 2008
and 2009, the average price of nonwovens remained nearly unchanged 2008 to
2009. The total turnover of the European industry is estimated at around 4,790
million euros.

Although the greatest fraction of the market relies on low-value-added prod-
ucts, there is a significant growth of demand for technologically advanced ap-
plications such as fire barriers for aircraft, ballistic protection or scaffolds for
tissue engineering. Moreover, new nonwoven materials have emerged recently as
a consequence of the advent of fibers with reduced manipulability, as nanotube
sheets (Berhan et al., 2004; Berhan & Sastry, 2007) or nanofiber felts directly
produced by electrospinning (Dzenis, 2004). From a fundamental point of view,
certain biological systems can be studied within the frame of nonwovens (Boal,
2002; Mofrad & Kamm, 2006)

1.2.2 Nonwoven manufacturing techniques

Raw materials

According to a study by Tecnon Ltd (Russell (2007)), the world usage of
fibers in nonwovens production was overwhelmingly dominated by man-made
fibers. The exact figures are given in Table 1.2.

Table 1.2: Usage of fibers in nonwovens production

Fiber material %
Polypropylene 63
Polyester 23
Viscose rayon 8
Acrylic 2
Polyamide 2
Others 3

13



Chapter 1. Introduction

Web formation

Nonwoven manufacture starts by the arrangement of fibers in a sheet or
web.3 The fibers can be staple fibers packed in bales, or filaments extruded
from molten polymer granules. Four basic methods are used to form a web,
and nonwovens are usually referred to by one of these methods:

• Drylaid

• Spunmelt

• Wetlaid

• Other techniques

Generally speaking, drylaid materials have their origin in textiles, spunmelt
products in polymer extrusion and werlaid materials in papermaking

There are two methods of drylaying: carding and airlaying. Carding is a
mechanical process which starts with the opening of bales of fibers which are
blended and conveyed to the next stage by air transport. They are then combed
into a web by a carding machine, which is a rotating drum or series of drums
covered in fine wires or teeth. The precise configuration of cards will depend on
the fabric weight and fiber orientation required. The web can be parallel-laid,
where most of the fibers are laid in the direction of the web travel, or they can be
random-laid. Typical parallel-laid carded webs result in good tensile strength,
low elongation and low tear strength in the machine direction and the reverse
in the cross direction. Relative speeds and web composition can be varied to
produce a wide range of fabrics with different properties. (Figure 1.5)

In airlaying, the fibers, which can be very short, are fed into an air stream
and from there to a moving belt or perforated drum, where they form a randomly
oriented web. Compared with carded webs, airlaid webs have a lower density,
a greater softness and an absence of laminar structure. Airlaid webs offer great
versatility in terms of the fibers and fiber blends that can be used. (Figure 1.6)

3The material used in this subsection has been taken from EDANA’s website and Russell
(2007). The reader is referred there for more details.
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Figure 1.5: Drylaid felt. Carding with binder impregnation process

Figure 1.6: Short fiber airlaying process

Spunmelt is a generic term describing the manufacturing of nonwoven webs
directly from thermoplastic polymers. It encompasses two processes and the
combination of both: spunlaid and meltblown

In this process polymer granules are melted and molten polymer is extruded
through spinnerets. The continuous filaments are cooled and deposited on to
a conveyor to form a uniform web. Some remaining temperature can cause
filaments to adhere to one another, but this cannot be regarded as the principal
method of bonding. The spunlaid process (also known as spunbonded) has the
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advantage of giving nonwovens greater strength, but raw material flexibility is
more restricted.

Co-extrusion of second components is used in several spunlaid processes,
usually to provide extra properties or bonding capabilities.

In meltblown web formation, low viscosity polymers are extruded into a high
velocity airstream on leaving the spinneret. This scatters the melt, solidifies it
and breaks it up into a fibrous web.

Figure 1.7: Spunlaid nonwoven manufacturing process

The principle of wetlaying is similar to paper manufacturing. The difference
lies in the amount of synthetic fibers present in a wetlaid nonwoven. A dilute
slurry of water and fibers is deposited on a moving wire screen and drained to
form a web. The web is further dewatered, consolidated, by pressing between
rollers, and dried. Impregnation with binders is often included in a later stage
of the process.

The strength of the random oriented web is rather similar in all directions
in the plane of the fabric. A wide range of natural, mineral, synthetic and
man-made fibres of varying lengths can be used. The processes are extremely
capital intensive and require large volumes of water.

Besides these techniques, there is a group of specialised technologies, in
which the fiber production, web structure and bonding usually occur at the
same time and in the same place.

Flash spun webs are made by dissolving a polymer in a suitable solvent and
then spraying it into a vessel held at reduced pressure. The solvent evapo-
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Figure 1.8: Wetlaid materials manufacturing process

rates, or flashes off, leaving a cloud of fibers, which are collected and bonded.
Other variants of in situ web forming techniques include different methods of
fibrillation such as electrostatic spinning.

Processes are emerging where two or more web forming techniques are used
in tandem. The spunlaid/meltblown process is an example, where one or more
meltblown webs and spunlaid webs are combined.

Web bonding

Webs, other than spunlaid, have little strength in their unbonded form. The
web must therefore be consolidated in some way. This is effected by bonding,
a vital step in the production of nonwovens. Web bonding is generally carried
out in line with web formation. The choice of method is at least as important
to ultimate functional properties as the type of fiber in the web.

There are three basic types of bonding:

• Chemical

• Thermal

• Mechanical

Chemical bonding mainly refers to the application of a liquid based bonding
agent to the web. Three groups of materials are commonly used as binders-
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acrylate polymers and copolymers, styrene-butadiene copolymers and vinyl ac-
etate ethylene copolymers. Water based binder systems are the most widely
used but powdered adhesives, foam and in some cases organic solvent solutions
are also found.

There are many ways of applying the binder. It can be applied uniformly by
impregnating, coating or spraying or intermittently, as in print bonding. Print
bonding is used when specific patterns are required and where it is necessary
to have the majority of fibers free of binder for functional reasons.

Figure 1.9: Chemical web bonding process (saturation/impregnation)

Thermal bonding methods use the thermoplastic properties of certain syn-
thetic fibers to form bonds under controlled heating. In some cases the web
fiber itself can be used, but more often a low melt fiber or bicomponent fiber is
introduced at the web formation stage to perform the binding function later in
the process.

There are several thermal bonding systems in use:
Calendering uses heat and high pressure applied through rollers to weld the

fiber webs together at speed.
Through-air thermal bonding makes bulkier products by the overall bonding

of a web containing low melting fibers. This takes place in a carefully controlled
hot air stream.

Drum and blanket systems apply pressure and heat to make products of
average bulk.
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Ultrasonic bonding takes place when the molecules of the fibers held under
a patterned roller are excited by high frequency energy which produces internal
heating and softening of the fibers.

Figure 1.10: Thermal bonding process (calendering)

In mechanical bonding the strengthening of the web is achieved by inter-fiber
friction as a result of the physical entanglement of the fibers.

There are two major types of mechanical bonding: needlepunching and
hydro-entanglement

Needlepunching can be used on most fiber types. Specially designed needles
are pushed and pulled through the web to entangle the fibers. Webs of different
characteristics can be needled together to produce a gradation of properties
difficult to achieve by other means.

Hydroentanglement is mainly applied to carded or wetlaid webs and uses fine,
high pressure jets of water to cause the fibers to interlace. Hydroentanglement
is sometimes known as spunlacing, as the arrangement of jets can give a wide
variety of aesthetically pleasing effects. The water jet pressure used has a direct
bearing on the strength of the web, but system design also plays a part.

Stitchbonding is a third type of mechanical bonding. It can be done with
or without the addition of a thread. When no thread is added, the process is
often referred to a loop formation.
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Figure 1.11: Mechanical bonding process (needlepunching)

Finishing treatments

There is an opportunity to meet the needs of the customer even more pre-
cisely by modifying or adding to existing properties. A variety of different
chemical substances can be employed before or after binding, or various me-
chanical processes can be applied to the nonwoven after binding.

Nonwovens can be made conductive, flame retardant, water repellent, porous,
antistatic, breathable, absorbent and so on - the list is a very long one. They
can also, for example, be coated, printed, flocked or dyed, and can be combined
with other materials to form complex laminates. Finally, Fig. (1.12) provides
a summary of the manufacturing techniques.

1.3 Scientific background

Nonwoven fabrics tend to present a random microstructure as they are man-
ufactured from a set of disordered fibers consolidated by bonds of different na-
ture, such as simple entanglement, local thermal fusion or chemical binders.
This irregular structure, together with their relatively poor economic relevance
and the outstanding success of textiles –including composites– have kept them
away of the scientific research mainstream.

The mechanical behavior of nonwoven fabrics is very different from that
of woven materials, usually better understood (Buet-Gautier & Boisse, 2001;

20



1.3 Scientific background

Figure 1.12: Overview of nonwoven manufacturing technologies. Taken
from Russell (2007)

Bahei-El-Din et al., 2004; Durville, 2005; Boisse et al., 2005; Lomov et al.,
2007; Cao et al., 2008; Badel et al., 2007; Durville, 2010; Khan et al., 2010).
Their stiffness and strength are lower than their woven counterparts, but they
are far superior in terms of their deformation capability and energy absorption
during deformation. In addition, the deformation and failure processes of non-
woven felts are highly complex because they involve different micromechanisms
which act simultaneously: straightening, large deformation and rotation of the
fibers as well as bond breakage, fiber sliding and fracture and a continuous
rearrangement of the fiber network topology.

The study of nonwovens has historically depended on the advances in two
apparently distant fields: paper and nonwovens akin to wool felts. Traveling
along parallel ways, there have been and there are contact points and common
breakthroughs. The first of them was related to the fundamental issue of how
a random network behaves when submitted to strain. The first attempt to
model this was due to Cox (1952). In this seminal work, aimed at studying
the mechanical behavior of paper, he considered a random network of long,
elastic, noninteracting fibers carrying axial load and was able to calculate its
elastic constants within a small-deformation framework. The importance of
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Figure 1.13: Example of random network.

this model requires a deeper description. If a bidimensional network (1.13) is
submitted to a certain homogeneous biaxial strain, the strain of a fiber with an
orientation θ with respect to the x-axis is:

ε = εxcos
2θ + γxycosθsinθ + εysin

2θ (1.1)

Each fiber carries a load given by

F = Ef Ω(εxcos
2θ + γxycosθsinθ + εysin

2θ) (1.2)

The number of fibers intersecting lines respectively parallel to the x and y
axes depend on the geometrical density of the network, ρgeom (total fiber length
per unit area) and the orientation distribution function (1/π for the isotropic
case). The forces per unit length in the x and y directions are calculated through
integration over θ. It is then straightforward to obtain the elastic constants for
an isotropic network:

E = 1
3Ef Ωρgeom

G = 1
8Ef Ωρgeom

ν = 1
3

(1.3)
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where E, G and ν are the homogenized elastic modulus, shear modulus and
Poisson’s ratio, respectively.

Cox’s contribution was extended by Kallmes (1960), who introduced the
areal density of bonds and the free fiber length using a geometrical probabilis-
tic theory. Most of the models following this line assume a shear-lag transfer
of load between fibers, which has proved successful for predicting the tensile
behavior of paper (Carlsson & Lindstrom, 2005). This approach is no longer
accurate, however, when the load is transferred through axial stresses at the
fiber intersections (Räisänen et al., 1997b,a).

Following with paper, the analysis of the interaction among the complex
mechanisms involved in this kind of problem eventually led to the development
of different numerical models (mostly based on the finite element method) to
gain a better understanding of the mechanical performance of non-woven felts.
The first of these models - to the authors’ knowledge - was due to Yang (1975),
who developed a model for a 2D network of randomly distributed fibers and
the predictions of the elastic modulus were in good agreement with experimen-
tal results on kraft paper. Rigdahl et al. (1984) extended this model to take
into account the stiffness of the bonds between fibers and found that the bond
stiffness had little influence on the elastic modulus, provided that it was above
a certain threshold.

In addition, several recent works have provided a deeper understanding of
the elastic behavior of random networks (Provatas et al., 1997; Åström et al.,
2000a,b; Kim & Pourdeyhimi, 2001; Delincé & Delannay, 2004; de Botton, 2005;
Wu & Dzenis, 2005; Heussinger & Frey, 2006).

More complex simulations were pioneered by Åström & Niskanen (1991),
who studied the fracture of homogeneous and isotropic fiber networks made up
of straight fibers and rigid bonds. Bond breakage was included in the analy-
sis through a maximum shear strain criterion. Räisänen et al. (1996, 1997b)
further developed Åström’s model and introduced bilinear elastic-plastic be-
havior for the network fibers, assuming that the fibers were rigidly bonded. It
was concluded that the network stress-strain curve was similar to that of the
fibers, irrespective of network density or degree of bonding, and scaled with
the fiber elastic modulus. Yielding occurred uniformly over the entire network,
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preferently in the fibers aligned along the loading axis. Stahl & Cramer (1998)
presented a three-dimensional model for cement-coated wood strands, consid-
ered straight and continuous over a prescribed volume, and connected by rigid
bonds where the strand volumes interfere. The strands were modeled by means
of 3D linear elastic beams endowed with an axial stress failure criterion. Heyden
(2000) presented 2D and 3D periodic-cell models for cellulose fiber. The fibers
were modeled as elastic beams of constant curvature linked by an assembly of
springs. It was found that the axial stiffness of straight fibers was of greater im-
portance than their bending stiffness, and that transversal spring stiffness had
a stronger influence than rotational or normal spring stiffness. Curled fibers
lead to less stiff networks, and longer fibers give stiffer networks. The elastic
modulus of the network rose rapidly with density, while Poisson’s ratio was less
affected. Fracture was introduced by either fiber and/or bond fracture (which
were based on maximum stress criteria) and the fracture strength was found to
be dependent on the cell size. Higher densities led to more brittle networks, and
both the strength and strain-to-failure increased with bond strength. Similar
models developed along the same lines were also presented by Åström & Niska-
nen (1993); Wang & Sastry (2000); Wang et al. (2000); Isaksson et al. (2006);
Isaksson & Hägglund (2007); Hägglund & Isaksson (2008); Fleck & Qiu (2007).
An statistical analysis of fracture has been carried out by Alava et al. (2006);
Alava & Niskanen (2006).

On the textile-oriented side, Backer & Petterson (1960) addressed the prob-
lem of the tensile deformation of purely nonwoven assemblies by means of a
linear elastic orthotropic model. Since simple orthotropic models do not con-
tain microstructural information, they were not able to reproduce the effect
of the evolution of the microstructure— in particular, fiber reorientation —and
were therefore restricted to the small strain regime. In order to enrich the fabric
mechanics and take into account the non-uniform fiber orientation, Bais-Singh
& Goswami (1995), Bais-Singh et al. (1998) and Liao & Adanur (1997) mod-
eled the non-woven fabric as a stack of planar laminae, each of them containing
fibers oriented along one single direction. In this way, they were able to predict
the effect of fiber orientation for small deformations although the bonding be-
tween layers overconstrains the fiber rotation (allowed only if the entire lamina
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rotates). In addition, Liao & Adanur (1999) implemented a fiber failure cri-
terion which rendered a good agreement with the experimental results of two
polyester fabrics up to 20% strain.

Another class of models takes into account the actual microstructure by in-
cluding explicitly the fiber network structure of the fabric. Investigations into
the relationship between the microstructure and the macroscopic properties
were first limited to assessing the influence of critical processing parameters
(fiber orientation, bonding strength, density) on the macroscopic mechanical
behavior, although they have become increasingly sophisticated (Wei & Vigo,
1985; Bhat et al., 2004; Kim, 2004; Mattu et al., 2002; Hou et al., 2009; Kim
& Pourdeyhimi, 2001; Pourdeyhimi et al., 2006). Computationally expensive
though they are, they allow a more realistic approximation of the micromech-
anisms involved during deformation. This computational cost usually forbids
three-dimensional descriptions and limits the analyses to the in-plane response,
with the notable exception of the model by Termonia (2003), whose aim was to
study the bending of nonwoven layers. These models can essentially be divided
into two sets. In the first one, fibers are considered the fundamental constituents
of the nonwoven fabric and bonds regarded as “indestructible” (Britton et al.,
1983, 1984a,b; Wu & Dzenis, 2005), whereas the second group is focused in the
bond motion and evolution (Grindstaff & Hansen, 1986; Jirsák & Lukás, 1991;
Jirsák et al., 1993). The micromechanical approach has also been adopted by
Rawal and coworkers to describe thermally bonded nonwovens. Starting from
an experimental study of fiber orientation (Rawal et al., 2007) they developed
a model which includes fiber reorientation and pull-out of fibers as the main
failure mechanism (Rawal et al., 2010b,a).

The problem of computational cost can be addressed by obtaining the fab-
ric properties using homogenization techniques over a representative volume
instead of the whole fabric. This approach was first applied to nonwovens by
Petterson (1959), who considered a set of straight fibers in a unit cell oriented
according a certain statistical distribution, and linked by rigid bonds. The over-
all deformation imposed to the fabric was accommodated by the fibers in each
unit cell following an affine transformation and the angular integration of the
fiber stress contributions provided the stress normal to an arbitrary plane. This
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“fiber web model” included the post-yield properties of the fibers and a weakest
link treatment of the unit cell fracture. It was modified by Hearle & Stevenson
(1964); Hearle et al. (1964), who introduced the effect of fiber curling, and by
Kothari & Patel (2001), who considered a time-dependent fiber response, while
Narter et al. (1999) extended the model to 3D. Finally, other authors (Diani
et al., 2004; Bischoff et al., 2002; Gasser et al., 2006) developed constitutive
models for nonwoven fabrics assuming a particular fiber distribution within the
representative volume element. Jearanaisilawong (2008) used this approach to
model a needlepunched felt previously studied by Chocron et al. (2002). The
macroscopic response of these models was derived through an hyperelastic for-
mulation where the strain energy density function is obtained by adding the
contributions from each fiber. These models based on homogenization have
been very useful to model and understand the complex behavior of nonwoven
fabrics but they present two important limitations: they can neither take into
account the changes in the network topology due to damage nor include the
localization of damage (a common problem associated to all homogenization
schemes).

1.4 Objective

The mechanical behavior of fabrics depends on the microstructure and on
the dominant deformation and fracture micromechanisms, which are very differ-
ent for woven and non-woven materials. As mentioned previously, most of the
relevant work in this area has been carried out for woven fabrics, whose regular
microstructure is easier to understand and analyze. Nevertheless, whereas the
relevant magnitudes and behavior of woven textiles are usually better under-
stood, the models of non-woven materials have to rely sometimes upon ad hoc as-
sumptions and adjusting parameters whose relevance from a physical viewpoint
is not always well established. In fact, most of the results in the open literature
on the mechanical behavior of these materials come from market-oriented man-
ufacturers, which emphasize the performance of the material rather than the
micromechanisms of deformation and fracture. From a fundamental viewpoint,
it is important to experimentally establish the actual sequence of deformation
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1.4 Objective

and failure processes which control the behavior of this class of materials. This
was the first main objective of our investigation.

In order to address the problem with the lesser loss of generality, two very
different materials in terms of type of fiber, microstructure, physical mechanisms
of deformation and mechanical properties were selected. The first was a mat
composed of glass fiber bundles aimed to be embedded into a polymeric matrix
and used as a structural material. The second one is a commercially available
geotextile. Besides their different applications, the glass fiber mat is made of
short thick bundles of a brittle material bonded by a weak adhesive whereas the
second is obtained from continuous filaments of polypropylene linked through-
out the felt area by means of local fusion of the polymer. The results of the
experimental characterization of the deformation and failure mechanisms of
both materials are presented in chapters 2 and 4, respectively.

The second goal is closely related to the first one. Experimental charac-
terization, despite being necessary, is often not sufficient in order to provide a
complete insight of the physical processes and magnitudes involved in a com-
plex problem. This may be caused by the lack of experimental devices (e.g.
those required for performing a biaxial test or huge structural components),
the absence of materials of interest to test (e.g. a nonwoven with a particu-
lar density or length of fibers), the cost of experiments (mechanical testing of
bridge beams or critical aircraft components) or by fundamental reasons, for
experiments cannot access certain physical magnitudes (such as the density of
dislocations, the stress concentration in non-photoelastic materials or the en-
ergy dissipated during the plastic yielding of a metal). This enumeration has
been deliberately selected to extract some of the key advantages of numerical
modeling, which has proved to be a reliable method in order to overcome such
obstacles. Thus, the second objective of this work has been to develop a numeri-
cal models for each of the nonwovens under examination capable of reproducing
their in-plane mechanical behavior, and to do so in a computationally efficient
way. The dissimilar microstructure of the glass fiber mat and the polypropylene
geotextile required two different modeling strategies concerning both scale and
constitutive issues as it is shown in chapters 3 and 5.
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Chapter2
Experimental characterization of
a glass fiber mat

A commercial glass-fiber nonwoven felt was subjected to a thorough charac-
terization from a geometric and mechanical viewpoint at different length scales
(individual fibers, fiber bundles and fiber network), in order to examine the
deformation and fracture processes and so that the properties necessary for
modeling (see chapter 3) were measured rather than assumed. Damage and
fracture micromechanisms were studied in unnotched and notched rectangular
panels subjected to uniaxial tension, the latter to analyze the micromechanisms
controlling the energy absorption capability in presence of a sharp stress con-
centration.

2.1 Material

The nonwoven felt studied was a glass-fiber mat (commercial trade name
Vetrotex M123), manufactured by Saint Gobain Vetrotex. This commercial
felt is widely used as a reinforcing material in many structural applications,
particularly those which require reliable behavior when exposed to aggressive
chemical agents. The microstructure of the felt at different scales is shown in
Fig. 2.1. The felt was made up of E-type glass fibers (of approximately 15 µm in
diameter) (Fig. 2.1a) bound together in bundles whose average length Lb was 50
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Chapter 2. Experimental characterization of a glass fiber mat

Table 2.1: Geometrical characteristics of the glass-fiber nonwoven felt

nl lf na ρgeom

(mm−1) (mm) (mm−2) (mm−1)
1.33 ± 0.03 0.75 ± 0.02 1.39 ± 0.07 2.09 ± 0.06

mm. Bundles presented an approximate rectangular cross section of 560 µm ×
50 µm and contained around 120 fibers (Fig. 2.1b). The fibers were covered with
a PS organic binder which endows the felt with a certain initial consistency. The
bundles were deposited on a flat surface with random orientation, as depicted
in Fig. 2.1c. X-ray microtomography analyses showed that the nonwoven felt
possessed a multilayer structure, which could be represented by several parallel
layers (Fig. 2.2).

In an influential paper, Kallmes (1960) presented the geometrical parameters
which characterize a two-dimensional isotropic fiber network and the relation-
ships among them. These are linear bond density, nl (number of bonds per unit
length of fiber), planar bond density, na (number of bonds per unit area) and
geometrical fiber density in the felt, ρgeom, (total fiber length per unit area). In
the case of a two-dimensional fiber network in which the fibers are randomly
placed and oriented, these parameters are related according to

ρgeom = πnl

2 na = πn2
l

4 (2.1)

under the assumption of full bonding, i.e. a bond is present at every bundle
crossing. In order to measure these parameters, a randomly chosen area of the
felt was observed with either a profile projector or an optical microscope. The
limited field depth of these optical devices ensured that only the information
from a thin planar layer was considered. Within the area selected, the number
of intersections along each bundle was counted. This directly provided the
linear bond density nl, and its inverse, the average free segment length between
intersections, lf . The magnitude of these parameters, as well as from na and
ρgeom obtained from equation (2.1) can be found in Table 2.1.

The measured fiber density ρgeom can be compared with the actual planar
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2.1 Material

(a)

(b)

(c)

Figure 2.1: Microstructure of the glass-fiber chop strand mat Vetrotex
M123 at different length scales. (a) Individual glass fibers. (b) Detail of fiber
bundles. (c) General view of the felt.
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Chapter 2. Experimental characterization of a glass fiber mat

Figure 2.2: Tomography of a sample of Vetrotex M123. The upper image
shows the mat front view and the images below represent sections by hori-
zontal planes along the vertical axis. In each of the sections up to six fiber
piling-up levels.
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2.2 Experimental techniques

density of the felt, ρ:
ρ = ρgeomΩbfρf , (2.2)

where Ωb stands for the cross section of the fiber bundles, f for the fiber volume
fraction of bundle (not measured, but typically around 0.54 for glass fiber) and
ρf for bulk density of E-glass fibers (2.5 g/cm3). These values lead to an areal
density of the layer of 80 g/m2, which is one sixth of the actual felt areal density
(454 g/m2), very close to the 450 g/m2 indicated in the material datasheet
provided by the manufacturer. Thus, these results establish that the felt can be
considered composed of 6 layers. X-ray computed tomography images in Fig.
2.2 provide additional evidence of this structure.

2.2 Experimental techniques

The goal of this work was to study systematically the mechanical behavior
and associated micromechanisms of the nonwoven felts described above. To this
end, the mechanical properties of fibers, bond points and felts were measured
following the procedures detailed below.

Individual fibers were extracted from the felts by carefully pulling with
tweezers. The fiber diameter was measured using a scanning electron micro-
scope. Fibers (20 mm long) were glued on a cardboard and fixed to a mechani-
cal testing machine for the tensile tests (Fig. 2.3). The load was exerted on the
fiber after cutting the cardboard. The load carried by the fibers was measured
with a balance or a load cell, both with ±1 mN resolution. Fiber elongation was
determined as the cross-head displacement, since the machine compliance was
negligible as compared with the fiber. The cross-head speed was constant and
equal to 0.03 mm/s. Engineering strains were computed as the fiber elongation
divided by the initial length. Nominal stresses were obtained from the load and
the initial fiber cross section, assuming a circular section.

In addition to individual fibers, tensile tests were also performed to ascertain
the resistance both of glass fiber bundles and bonds between them. However,
two problems arose. The first one was the precise measurement of the fiber
bundle cross section, and the second one was related to the bonded samples
lack of uniformity. Bonded bundles aligned with the load axis were selected
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Chapter 2. Experimental characterization of a glass fiber mat

to test the bonds, so that no torque was exerted on the common bonded part.
This being a valuable advantage, it presented a major drawback, because it
was impossible to control of the overlapping contact area. Scatter due to the
differences in overlapping contact areas was reduced to acceptable values by
performing a larger number of tests.

The felt microstructure was observed by means of a profile projector (Nikon
V12B) and a conventional optical microscope (Nikon Metaphot). Polarized light
and sample dyeing enhanced the image contrast to a large extent. The fiber
orientation showed an isotropic distribution in all cases. The areal density of
the felt was obtained on rectangular coupons of 150 mm x 200 mm from direct
mass measurements with an analytical balance (Mettler Toledo AG45) and the
dimensions of the specimens.

Rectangular coupons were cut along the roll direction from the nonwoven
felts to perform uniaxial tensile tests following the requirements of the EN ISO
10319 standard. Special grips made of two steel beams with a canal were used
to load the specimens. The ends of the coupon were introduced in the canal and
clamped between two steel plates protected with rubber to avoid damaging the
felt in the gripping area. The clamping force was exerted by bolts distributed
along the beam. The steel grips were connected to the actuator and the load cell
of a mechanical testing machine (Instron 2211). Tests were carried out under
stroke control at a cross-head speed of 0.2 mm/s. The load was measured with
a 5 KN load cell and it was recorded continuously during the test together with
the cross-head displacement.

Specimens of different dimensions were tested to systematically study the
effect of specimen width and height on mechanical properties. The sizes studied
included specimens of 100 mm in height (H) and 40, 60, 80, 100 and 200 mm
in width (W) —the last one is the size recommended in the EN ISO 10319
standard— as well as specimens of 100 mm in width and 100, 200, and 400
mm in height. Finally, larger square specimens of 200 x 200 mm2 were also
tested. Samples oriented in the longitudinal and transverse direction of the
felts were tested. The results in terms of mechanical properties and failure
micromechanisms were indistinguishable in both orientations and this was in
agreement with the isotropic nature of the felt.
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2.3 Experimental Results

Notch sensitivity was studied in specimens of 100 x 200 mm2, in which a
central notch was cut with a standard steel blade. Notch length was equal
to 20%, 40% or 60% of the sample width. In order to obtain information
at the microscopic scale, the unnotched specimens were prepared to obtain
the displacement field in the whole specimen using digital image correlation
techniques (Chevalier et al., 2001; Wang & Cuitiño, 2002; Cao et al., 2008;
Lomov et al., 2008; Totry et al., 2009; Sutton et al., 2009). The problem of
dealing with a highly reflective material was overcome, but the correlations
were only successful up to very small strains (0.1-0.2%) for two causes. Fiber
bundles - which are much stiffer than bonds- are seldom deformed and behave
as rigid bodies, leading to a very inhomogeneous deformation pattern which
makes digital image correlation more difficult. In addition, surface bundles
underwent decohesion, rotated or moved off-plane even at the very early stages
of deformation, destroying the speckle pattern and invalidating the correlation.

2.3 Experimental Results

2.3.1 Single fibers

The stress-strain curves in tension of the glass fibers extracted from the felts
are plotted in Fig. 2.4. They showed a linear behavior until fracture and there
was a significant scatter in the failure strength and the strain-to-failure, typi-
cal of brittle materials. The average values of the elastic modulus, Ef , tensile
strength, σf and strain-to-failure, εf as well as the standard deviation (from a
total of 10 tests) can be found in Table 2. Elastic modulus and strength are
within the range of values reported in the literature for E-glass fibers (Chawla,
1998), indicating that neither the extraction process nor the manipulation de-
graded the fiber properties.

Table 2.2: E-glass fiber properties (as extracted from the felt)

Ef (GPa) σu
f (GPa) εu

f (%)
72 ± 2 1.7 ± 0.2 2.3 ± 0.3
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Chapter 2. Experimental characterization of a glass fiber mat

2.3.2 Glass fiber bundles and bonds

Sixteen tests were carried out to measure the tensile properties of glass fiber
bundles. The experimental set-up and loading conditions were equal to those
used for the single glass fibers. The load-displacement curves were linear until
fracture and the average failure load was 25 ± 6 N. Assuming that the average
bundle contained approximately 120 fibers, this implied an average fracture
stress of the order of 1.2 ± 0.3 GPa, which is not far from the individual fiber
strength.

Twenty tensile tests were carried out on the bonded bundles and the corre-
sponding failure strength was 1.2 ± 0.2 N, occurring at a clamp displacement of
0.22 ± 0.02 mm. The actual bond failure stress could not be accurately deter-
mined due to the lack of information on the bonding area (Fig.2.5) but it was
obvious that the bond failure load was much lower than the bundle failure load.
Thus, bond fracture was dominant over bundle fracture during deformation.

2.3.3 Unnotched glass-fiber felts

The mechanical behavior of the glass-fiber nonwoven felts was character-
ized from its nominal stress (force per unit width) vs. strain curve. Approx-
imately 15 specimens were tested for each geometry and representative curves
for specimens of (W × H) 200 × 100 mm2 are plotted in Fig. 2.6. Despite
of the significant scatter, inherent to the felts’ inhomogeneous microstructure,
all the curves presented the same features -which are highlighted in the thicker
curve. Load increased linearly up to maximum in a sharp peak. This maximum
corresponded to the onset of damage localization at a strain of ≈ 0.5%. The
macroscopic appearance of the felt at this point did not show significant changes
(Fig. 2.7a) but observation at higher magnification showed that damage was
due to the fracture of the bonds between bundles. Furthermore, no broken
bundles were found during the examination of specimens after testing. The
load-carrying capability of the felt dropped sharply although it showed a slight
increase upon further deformation (point b in Fig. 2.6). The felt load carrying
capacity was practically lost at a nominal strain of 20-25% and fracture was
localized in a band of finite width (Fig. 2.7b). The fact that damage was not
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2.3 Experimental Results

Figure 2.3: Experimental setup for testing individual fibers.
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Figure 2.4: Tensile stress-strain curves of the glass fibers.
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Chapter 2. Experimental characterization of a glass fiber mat

Figure 2.5: Fiber bundle configuration used to measure the bond failure
load. Note that the contact area between bundles is different for each pair.
Scale in centimeters.

localized in a thin strip but in a wide band led to the development of a long tail
in the nominal stress-strain curve, which significantly increased the material’s
energy absorption capability. The width of this band should be of the order of
the projection along the loading axis of one half of a fiber bundle oriented at
45◦, i.e. the felt is completely disconnected when the gap reached on average
Lb/2 sin(π/4).

The actual failure micromechanisms of the felt can be ascertained in the
high resolution optical micrographs of Fig. 2.8, in which the individual bun-
dles can be distinguished. The maximum load was controlled by fracture of
the interbundle bonds which provided in-plane consistency to the felt, but com-
plete fracture did not follow immediately. Conversely, bonds which were not
loaded previously started to carry load due to rearrangements of the bundles
after bond fracture. Once these bonds were broken, the residual strength was
provided by friction between fiber bundles, which was responsible for the long
tail in the stress-strain curve. Extensive fiber bending and rearrangement of the
microstructure occurred at these last stages of deformation, as is clearly seen in
Figs. 2.8b) and 2.9b)
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Figure 2.6: Nominal stress (force per unit width) vs. nominal strain curve
in tension of Vetrotex M123 nonwoven felt.

Tensile tests of felts with different dimensions were carried out to ascertain
the effect of the specimen size on mechanical properties. Regardless of the
specimen dimensions, the shape of the nominal stress-strain curves was iden-
tical to those plotted in Fig. 2.6, as well as dominant deformation and failure
micromechanisms. There were, however, noticeable quantitative differences in
the nominal strength according to the specimen size. These are shown in Figs.
2.10a and 2.10b, which highlight the influence of specimen width and height
on nominal strength (maximum load per unit width). For a constant height,
strength increased with specimen width (Fig. 2.10a) and this behavior could
be explained as a edge effect because bundle ends at the specimen lateral are
stress-free. Obviously, the importance of this surface effect decreased as the
specimen width increased, in agreement with the experimental results.

The results in Fig. 2.10b also showed dependence of nominal strength with
specimen height for a constant width, although this height effect was less sig-
nificant than the width effect. The slight reduction in nominal strength with
height could not be attributed to surface effects and was probably due to brittle
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(a)

(b)

Figure 2.7: Optical micrograph of the nonwoven felt subjected to tensile
deformation. (a) Maximum load, corresponding to point “a” in Fig. 2.6.
(b) Final fracture, corresponding to an applied strain of 20%. Undeformed
specimen measures 200 mm × 100 mm
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Figure 2.8: Failure micromechanisms in the nonwoven felt subjected to
tensile deformation. (a) Maximum load. (b) Damage localization showing
fiber bending, rotation and sliding.
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Figure 2.9: Another example of damage localization.(a) Macroscopic band
perpendicular to the vertical loading axis. Picture is of full specimen (200
mm wide) (b) Backlight picture of the microstructure within the fracture
band. Again, fiber bending and sliding can be observed. Scale similar to Fig.
2.8b.

nature of interbundle bonds. Upon loading, the interbundle bonds carry differ-
ent loads according to their position, connectivity and orientation. In addition,
interbundle bonds present different effective bonding areas, leading to variabil-
ity in the bond strength. As shown above, fracture occurred by the localization
of damage along the weakest path and the probability of existing weaker paths
increases with the specimen height. A full statistical Weibull analysis was not
carried out due to the relatively limited range of sizes tested, but the “weakest
path” hypothesis is supported by the experimental evidence presented in the
following section.
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(a)

(b)

Figure 2.10: Size effect on the nominal strength of glass-fiber nonwoven
felt. (a) Effect of specimen width. (b) Effect of specimen height.
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2.3.4 Notched glass-fiber felts

Notch sensitivity of the glass-fiber felts was studied in specimens of 100 ×
200 mm2 with central notches whose length was a0 = 0.2W , 0.4W and 0.6W .
Approximately 20 tests were carried out for each geometry and representative
nominal stress vs. strain curves for specimens with different initial notch lengths
are plotted in Fig. 2.11a. All the curves showed the same shape, indicating that
the presence of a notch did not modify the dominant damage processes. The
nominal strength of the felts decreased as the notch length increased but the
presence of the notch did not reduce scatter in the nominal strength in the
felts with a0/W = 0.2 and 0.4, because damage was always localized in the
notch section. In fact, the weakest path was not always found around the notch
plane and the strength of notched specimens with a0/W = 0.2 and 0.4 was
occasionally equivalent to that of unnotched specimens, significantly increasing
the scatter. These results support the “weakest path” hypothesis introduced
above.

Glass-fiber felts present quasibrittle behavior and thus a notch-sensitive be-
havior was expected to be found, i.e. the strength of notched panels should be
inferior to the one computed assuming that there was no stress concentration
at the notch tip and that fracture took place when the failure stress was at-
tained simultaneously across the ligament. The nominal strength results from
the mechanical tests proved otherwise (Fig. 2.11b) because the average value
of the nominal strength (s) was proportional to the intact ligament section in
the specimens (1− a0/W ) following

s

s0
= 1− a0

W
(2.3)

where s0 stands for the nominal strength of the unnotched samples. This notch-
insensitive behavior was also observed on other nonwoven felts with an open
(sparse) microstructure, in which relatively large initial notch lengths were nec-
essary to ensure that localization of fracture took place in front of the notch
(Hägglund & Isaksson, 2006). This behavior can be attributed to the syner-
gistic contribution of two mechanisms. From a microstructural viewpoint, the
variability in the stresses carried by the bonds and in the bond strength leads
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(a)

(b)

Figure 2.11: (a) Representative nominal stress vs. strain curves for spec-
imens of 100 x 200 mm2 with different initial notch lengths (a0/W = 0,
0.2, 0.4 and 0.6). (b) Nominal strength (normalized by the average nominal
strength of the unnotched specimens), s/s0, as a function of the initial notch
length (normalized by the specimen width) (a0/W ). The thick dashed line
stands for the notch-insensitive behavior.
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to the presence of weak paths throughout the network and the fracture path is
not controlled by the notch position. In addition, it has been demonstrated re-
cently that an open network structure exhibits a distributed strain energy field
in the crack-tip vicinity whose severity decreases as the average free segment
length between intersections increases (Isaksson & Hägglund, 2009), limiting
the ability of the crack to effectively localize damage.

2.4 Concluding remarks

The micromechanisms of deformation and damage in a glass-fiber nonwoven
felt were studied by means of tensile tests on unnotched and notched rectangu-
lar panels. The experiments showed that damage was triggered by fracture of
the interbundle bonds but complete fracture did not follow immediately. Rear-
rangement of the bundles after bond fracture and energy dissipation by friction
led to long tail in the stress-strain curve, which was accompanied by extensive
fiber bending, rotation and rearrangement of the microstructure. Final fracture
occurred by the localization of damage in a wide band which developed along
the weakest path in the specimen. In addition, it was found that the specimen
strength increased with the specimen width and, to a minor extent, decreased
with the specimen width and that the nonwoven felts were notch-insensitive.

46



Chapter3
A numerical model for the glass
fiber mat

The information regarding felt architecture (average fiber length, bond den-
sity, etc.) and the mechanical properties of the constituents (fiber and bonds)
described in the precedent chapter was used to build up a finite element model
whose aim was to simulate the mechanical behavior of unnotched and notched
samples.

3.1 Description of the model

3.1.1 Microstructure generation

Starting from the internal structure of the fiber glass mat, a model based on
a 2D random network was developed to represent the nonwoven. Our goal was
to generate a representative layer from the direct measurements of the linear
bond density, nl (or its inverse, the average free segment between intersections,
lf ). As demonstrated by Kallmes (1960), nl (or lf ) determine the fiber density
in the felt monolayer, ρgeom (total fiber length per unit area) in 2D random
fiber networks. The network monolayer was generated in a rectangular cell of
dimensions W × H. The total bundle length, Lf to be deposited in this region
is given by Lf = ρgeomWH, where ρgeom is found in Table 2.1, and the number of
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bundles to be deposited is Nb = Lf/Lb, where Lb is the average bundle length.
Every single fiber bundle was considered to be composed of Ns segments of the
same length arranged in a straight line. The segment length should be shorter
than the average free segment length between intersections, lf , and it was taken
0.4lf . Fiber bundles were deposited individually according to the following
algorithm. The coordinates (x0, y0) of the bundle origin and the orientation
angle θ0 were randomly generated. From this information and the segment
length, the algorithm determined the position of the end of the first segment,
which coincided with the beginning of the second segment, and this process
was repeated until the full length of the bundle was deposited. If a segment
fell outside the rectangular cell boundary, the intersection of the segment with
the cell boundary was determined and the remaining part of the segment was
transferred to the opposite boundary of the cell. This method ensured that
the actual bundle length was placed inside the cell. The previous steps were
repeated for the Nf fiber bundles. One random network corresponding to a
specimen of 200 × 100 mm2 is shown in Fig. 3.1. Obviously, this random
network stood for a mechanically representative layer of the felt. As it was
mentioned in Chapter 2, the felt was composed of six spatial levels of fibers. A
level of fibers is not connected enough itself to carry load, but a pair of levels
has the consistency to be considered the structural unit of the felt. In other
words, the mat is organized in three mechanically representative layers, each of
them containing two levels of fibers. Therefore, the load carried by the actual
felt was three times the one supported by this representative layer.

3.1.2 Finite element model

The fiber network generated using the method described above was dis-
cretized with finite elements. Each bundle segment naturally leads to a Tim-
oshenko beam element (B21 in Abaqus) with the nodes located at both ends
and endowed with the rectangular cross section of the actual bundles (560 ×
50 µm2). A bond was introduced between crossing bundles by identifying the
two nearest nodes corresponding to crossing bundles and linking them with a
massless connector element (CONN2D2 in Abaqus) provided that the distance
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Figure 3.1: Random fiber network corresponding to a panel of 200 mm x
100 mm.

between them was below a certain threshold. Only one connector per fiber
intersection is allowed.

The fiber bundles were considered to behave as linear, elastic and isotropic
materials, following the results of the mechanical tests, with an elastic modulus
of 70 GPa and Poisson’s ratio of 0.25 (the latter taken from the literature). A
more realistic approach would have considered that bundles are in fact com-
posite materials. Since the actual properties were not measured, the aforemen-
tioned “canonical” values have been selected for the sake of simplicity. The fact
that both the bundle stiffness and strength are much higher than the equivalent
magnitudes of the bonds (see chapter 2) ensures that the results are not affected
by this choice.

The interbundle bonds were assumed to follow a frictional stick-slip model,
which is in agreement with the deformation and fracture micromechanisms ob-
served experimentally. The frictional stick-slip behavior was determined by a
frictional pseudopotential Φ defined as

Φ = T − µN, (3.1)
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where T accounts for the resultant of the tangential forces in the bond, µ is the
friction coefficient and N a parameter (with dimensions of force) which plays
the role of the normal force on the contacting fiber bundles. µ = 0.5 was se-
lected, which is a reasonable value for contact between dry polystyrene surfaces
(Ramos-Carpio, 2007). The transition between stick and slip takes place when
Φ = 0. When Φ ≤ 0, the tangential force T was lower than the frictional one
(µN) and the bond behavior was linear elastic. The elastic stiffness of the bond
was taken as 7 N/mm, and this value was computed from the shear modulus of
a PS organic binder (0.2 MPa), assuming a bonding area equal to the square
of the bundle width and an adhesive layer thickness equivalent to one fifth of
the bundle thickness. In the case Φ > 0, the tangential force dominates, slid-
ing between the bundles occurs and this motion is penalized by the frictional
component µN . The current model assumes that the frictional component de-
creases with the sliding distance and this a phenomenological representation of
the fiber bundle pull-out process, as the length of the bundle embedded in the
felt diminishes with the sliding distance. This is implemented through the bilin-
ear decay of N as a function of the sliding distance, as shown in Fig. 3.2. The
maximum value of N at δ = 0 is given by the tangential force necessary to break
the bond (Tmax = µN), and was taken as equal to 2.4 N following the tensile
tests on bonded bundles reported in section 2.3.2. There was no experimental
information available for the shape of the curve in Fig. 3.2 and for the max-
imum sliding distance at which the frictional component vanishes. They were
chosen to fit the friction-dominated region of the nominal stress-strain curves
on the unnotched specimens.

There are many alternative behavior models other than frictional for the
interbundle bonds. For the sake of simplicity, a critical bond stress criterion
was also implemented. This model assumed that the bond behavior was linear
elastic until the shear force at the bond reached a critical value of 1.2 N, at
which brittle failure occurred.

Although the model reproduces accurately the microstructure of the non-
woven felt in terms of the bundle network, a controversial point is up to what
extent a two-dimensional analysis can accurately reproduce the role of contacts
in these materials. It is clear that for interlaced structures, including woven and
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Figure 3.2: Reduction in the parameter N with the sliding distance δ

knitted textiles, the answer is negative. However, a key point for this kind of
nonwoven felts is that fiber bundles are piled-up during manufacturing, and this
configuration keeps their motion confined to parallel planes. Only the external
bundles can slightly bend outwards, without significantly affecting the in-plane
behavior. Thus, it was reasonable to simulate the behavior of the nonwoven felt
in two dimensions with the intrinsic three-dimensionality of the contact prob-
lem collapsed into two dimensions precisely by means of the fitting parameter
N, which plays the role of a normal force perpendicular to felt plane.

The boundary conditions of the cell reproduced those of the tensile tests.
Mathematically, they are expressed as follows

u̇(x, 0) = 0 , u̇x(x,H) = 0 , u̇y(x,H) = v

T(0, y) = T(W, y) = 0, y 6= 0, y 6= W (3.2)

where T stands for the tractions applied to the cell boundary and v = 2
mm/s was the applied velocity on the upper boundary of the cell, one order of
magnitude higher than the experimental one to reduce the overall computing

51



Chapter 3. A numerical model for the glass fiber mat

time. This speed was, however, low enough to maintain quasi-static loading
conditions because the kinetic energy was negligible as compared to the strain
energy in the model.

3.1.3 Numerical strategy

The numerical simulations were carried out using Abaqus Explicit (versions
6.7 and 6.8) within the framework of quasi-static loading rates and large dis-
placements and rotations with the initial unstressed state taken as reference.
The use of an explicit integration scheme was recommended because this strat-
egy uses a consistent, naturally large deformation theory and is less sensitive
to mesh defects. In our case, it was difficult to ensure that there was a com-
plete absence of mechanisms arising from unconnected elements in the mesh.
Furthermore, explicit integrators benefit from the efficient lumped-mass formu-
lation and are suitable for direct multiprocessor calculations that dramatically
reduce their cost in terms of simulation time.

The equations of motion for the body were integrated using an explicit
central difference integration rule together with the use of diagonal (“lumped”)
element mass matrices according to Abaqus (1998, 2008):

u̇(i+ 1
2 ) = u̇(i− 1

2 ) + ∆t(i+1) + ∆t(i)
2 ü(i) (3.3)

u(i+1) = u(i) + ∆t(i+1)u̇(i+ 1
2 ) (3.4)

where u, u̇ and ü stand, respectively, for the displacement, velocity and ac-
celeration. The superscripts (i) refers to the time increments and (i − 1

2) and
(i + 1

2) stand for variable value at the middle of the corresponding increment.
The central difference integration operator satisfies the dynamic equilibrium
equations at the beginning of an increment and calculates the kinematic state
at increment (i+ 1) from u̇(i− 1

2 ) and ü(i), which were computed at the previous
increment according to

ü(i) = M−1(f (i) − i(i)) (3.5)
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where M is the diagonal element mass matrix, f the applied load vector, and i
the internal force vector. The computation of the inverse of the diagonal mass
matrix is trivial and the explicit procedure requires no iterations and no tangent
stiffness matrix, leading to a very efficient numerical algorithm. More details
about the algorithm can be found elsewhere (Abaqus, 2008).

It is known (Quarteroni et al., 2007) that convergence is obtained using
the central difference integration rule since the error term tends to zero when
time increment tends to zero. Nevertheless, it is important to notice that this
rule is conditionally stable, and the stability limit ∆t for the operator (without
damping) is controlled by the highest frequency in the system, ωmax as:

∆t ≤
[ 2
ωmax

]
(3.6)

while the stable time increment with damping is given by

∆t ≤
[ 2
ωmax

]
(
√

1 + ξ2
max − ξmax) (3.7)

where ξmax is the critical fraction of damping in the form of bulk viscosity.
This is introduced in Abaqus through the pressure term Pv associated with the
volumetric strain rate according to

Pv = bρcdLdε̇vol (3.8)

in which b is a damping coefficient (= 0.2), ρ the density and ε̇vol the volumetric
strain rate. This viscous pressure term damps the high frequency oscillations
and for this reason it is also known as “truncation frequency damping”. Rather
counter-intuitively, the presence of damping penalizes the stable time increment
to some extent (Eq. 3.7) (Crisfield, 1991; Bower, 2010), but it was necessary in
order to ensure accurate dynamic modeling, in particular when sudden fracture
of the bonds during the simulations introduced local instabilities in the form
of high frequency vibrations. The bulk viscosity pressure is not included in the
material point stresses because it is intended as a numerical effect, not a part
of the constitutive response of the material.

From the practical viewpoint, the stability limit is usually approximated as
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the smallest transit time of a dilatational wave across any of the beam elements
in the network, which is given by

∆t = min
[Le

cd

]
(3.9)

where Le is the beam element length and cd the dilatational wave speed in
the material, which depends on the Lame elastic constants (λ and µ) and the
density ρ in an isotropic material according to

cd =

√
λ+ 2µ
ρ

(3.10)

As this approximation for ∆t is not always a conservative estimate, the
stable time increment given by equation (Eq. 3.9) was reduced by a factor
of 1/

√
2 to ensure that it was below the stability limit (Abaqus, 2008). The

number of increments for each simulation with this time step was well below
the critical number which leads to noticeable accumulated rounding errors.

The presence of very short elements in the model led to very inefficient
simulations from the viewpoint of computational resources, because equation
(3.9) shows that the critical time step is controlled by the smallest beam element.
The microstructure generation algorithm presented above can introduce very
short elements near the cell boundary, when the intersection of segments with
the boundary results in the splitting of the segment. For this reason, beam
elements in the boundary shorter than one fourth of a segment were erased
from the mesh. This process only reduced the total fiber length in the cell in
less than 0.01% and dramatically improved the computational efficiency.

The aforementioned choice for the time increment in principle guarantees
the stability of the method. This being a highly non-linear problem, however,
it is worth double checking the reliability of the model. This was carried out in
a typical model of a fiber network of 100 x 100 mm2, in which one simulation
was performed using the standard parameters presented above for the time step
(∆t), viscous damping (b) and loading rate (v). Three additional simulations
were performed in the same model reducing these parameters by half to check
the convergency of the solution. The nominal stress-strain curves corresponding
to the four simulations are plotted in Fig. 3.3 and they are practically super-
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Figure 3.3: Numerical results of the nominal stress vs. strain curves for un-
notched specimens of 100 x 100 mm2. The solid line corresponds to the result
obtained with the standard values of the time step (∆t), viscous damping (b)
and loading rate (v). The dashed lines correspond to simulations obtained
reducing these parameters by half to check the convergency of the solution.

posed. Small undulations in the elastic regime are observed due to the dynamic
nature of the scheme. In addition, unstable solutions typically display oscil-
lations of increasing amplitude with time in the displacements and the energy
balance also changes significantly during the analysis. None of these oscilla-
tions were observed. Moreover, all energy components other than strain energy
and frictional dissipation -in particular, kinetic and artificial strain energy- were
negligible.

3.2 Results and discussion

3.2.1 Unnotched specimens

The computational models for fracture of nonwoven felts developed in the
past always assumed a critical stress or strain criteria to simulate bond fracture
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(Åström & Niskanen, 1991; Heyden, 2000; Åström & Niskanen, 1993; Wang &
Sastry, 2000; Isaksson et al., 2006; Hägglund & Isaksson, 2008). The first analy-
ses which include the influence of friction on the mechanical response of the felts
are presented here. Thus, numerical simulations of the tensile deformation were
carried out on identical fiber networks of dimensions 200 x 100 mm2 (the size
prescribed in the ASTM standard) in which the two failure criteria (maximum
stress and frictional) were used. The corresponding nominal stress-strain curves
are plotted in Fig. 3.4a. They were superposed in the elastic regime but the
strength predicted by the frictional model was slightly higher (around 10%).
Significant differences between models appeared upon localization of fracture
throughout the specimen. The load-carrying capacity decreased sharply in the
brittle model while energy dissipation by frictional sliding between the bundles
led to a long tail in the stress-strain curve. This conclusion is supported by
the energy balance presented in Fig. 3.4b for the frictional model. All the en-
ergy supplied by the external forces was stored as strain energy in the elastic
regime and dissipation by friction started with the onset of bond fracture. The
frictional term increased very rapidly and became the dominant mechanism of
energy dissipation during the post-peak regime. It is also worth noting that the
kinetic energy contribution to the energy balance was negligible throughout the
simulation, in agreement with the hypothesis of quasi-static loading.

Different network realizations led to changes in the weakest path for fracture
localization and to differences in the simulated nominal stress-strain curves,
as shown in Fig. 3.5 for the panel of 200 x 100 mm2. The shaded area in
the figures encompasses all the experimental curves for this geometry and the
agreement between the simulations and the experiments is remarkable with
respect to the elastic modulus, the nominal strength and the tail of the stress-
strain curve. It should be noticed that the model parameters to compute the
elastic modulus and the nominal strength were obtained from the geometry of
the felt and the properties of the micro-constituents (bundles and bonds) and
therefore simulations were free of adjustable parameters to predict these two
magnitudes. With respect to the tail of the stress-strain curve, it depends on
the shape and area under the frictional sliding curve in Fig. 3.2, which controls
the energy dissipated by friction and could not be measured experimentally.
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(a)

(b)

Figure 3.4: (a) Predictions of the nominal stress vs. strain curves for a
panel of 200 x 100 mm2 according to the brittle and frictional models for
interbundle fracture. (b) Energy balance during deformation of the panel
with the frictional model of interbundle fracture.
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Comparison between the numerical predictions with and without friction (Fig.
3.4a) and the experimental results (Fig. 3.5) demonstrates, however, that the
brittle fracture model cannot capture the tail of the curve and that interbundle
friction controls the total amount of energy dissipation and therefore dominates
to a large extent the post-peak behavior.

The only significant difference between the experiments and the simulations
was found in the scatter, which was clearly higher in the former. Experimental
scatter in the nominal strength and in post-peak behavior was due to two fac-
tors: the differences in the network geometry and the variability in interbundle
strength. The first mechanism was taken into account in the simulations by us-
ing different network realizations but the models assumed that the interbundle
strength was constant and equal to the average experimental value. Obviously,
assigning different strengths to the bonds throughout the model would have in-
creased the variability of the numerical simulations and led to better agreement
with the experiments.

The tests on unnotched panels showed the presence of a size effect on the
nominal strength, which was also explored using the numerical simulations. To
this end, panels of different dimensions (100 x 100 mm2 and 100 x 200 mm2)
were generated and the tensile nominal stress-strain curves were obtained. The
average values from the numerical simulations as well as the experimental ones
are shown in Table 3.1, together with the corresponding standard deviations.
The main size effect experimentally observed (increase in strength with speci-
men width) was clearly reproduced by the numerical model in panels with 100
mm in height and two different widths (100 and 200 mm). The second size
effect (reduction in strength with height at constant width) was also predicted
by the model in panels 100 mm in width and 100 or 200 mm in height.

3.2.2 Notched specimens

The numerical simulation of the mechanical behavior of notched specimens
offers additional insight into the fracture processes, particularly into stress con-
centration near the crack tip and into crack growth. Central notches of 0.2, 0.4
and 0.6W in length were introduced into the fiber realizations of the 100 x 200
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(a)

(b)

Figure 3.5: Numerical results of the nominal stress vs. strain curves for
unnotched specimens of 200 x 100 mm2. Numerical simulations were carried
out using the frictional model for bond fracture. (a) Nominal stress-strain
curves. The shaded area corresponds to the experimental curves. (b) De-
formed mesh at the end of the simulation (1.8% nominal strain.)
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Table 3.1: Size effect on the nominal strength of unnotched panels

Width Height Experimental Simulation
(mm) (mm) (kN/m) (kN/m)
100 200 2.0 ± 0.2 1.83 ± 0.09
100 100 2.1 ± 0.2 2.04 ± 0.06
200 100 2.5 ± 0.4 2.23 ± 0.10

mm2 panels. The mechanical behavior in tension was simulated for three dif-
ferent fiber realizations for each initial notch length and the stress distribution
in the bundles and the overall deformation pattern are depicted in Fig. 3.6 at
different load levels for a felt with a0/W = 0.4. The stress distribution within
the felt in the elastic regime (Fig. 3.6a) shows how the stresses are channeled
through the lateral ligaments, while the regions above and below the notch re-
main unloaded. However, the stress concentration around the notch tip was
limited because the stresses localized in particular bundles which transfer the
load away from the notch tip. Thus, the stresses in the ligaments in front of
the notch tips are rather homogeneous at the maximum load (Fig. 3.6b), lead-
ing to a notch-insensitive behavior even though the material is brittle from the
viewpoint of strength and toughness. This is shown in Fig. 3.7, in which the
numerical results of the nominal strength of the notched felt, s (normalized by
the unnotched strength, s0) are plotted as a function of the initial notch length
a0 (normalized by the width, W ). Taking into account the scatter, the model
accurately reproduced the notch-insensitive behavior found in the experiments,
which followed the dashed line in the figure. After the maximum load, exten-
sive bond fracture led to the localization of damage in a wide band (Fig. 3.6c),
whose appearance was very similar to that found in the experiments (Figs. 2.7
and 2.8). Load was mainly transferred by friction between the bundles in this
region until they were completely pulled out. It is interesting to notice that
selected fiber bundles carried high stresses in the fracture region (black beams
in Fig. 3.6c). They were mainly loaded in bending due to the rotation of the
bundles in the latest stages of deformation and fracture.
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Figure 3.6: Numerical predictions of the Von Mises stress in the fiber bun-
dles in a notched specimen (a0/W = 0.4) loaded in tension. (a) Elastic
regime at 50% of the maximum load. (b) Maximum load. (c) Unloading.
The displacement magnification factor was 5. Stresses are given in MPa.
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Figure 3.7: Numerical predictions of the effect of initial notch length, a0,
(normalized by the specimen width, W ) on the nominal strength, s (normal-
ized by the unnotched strength, s0) for 100 x 200 mm2 panels. The dashed
line stands for the experimental, notch-insensitive behavior.
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Figure 3.8: Fracture localization in specimens with different initial notch
lengths. (a) a0/W = 0.2. (b) a0/W = 0.4. The displacement magnification
factor was 5 and the color legend indicates the Von Mises stress (in MPa) in
the fiber bundles.
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Figure 3.9: Fracture of a specimen with a central notch (a0/W = 0.6). As
can be observed, the crack lies above the notch section, following a struc-
turally weaker path.

As indicated in section 2.3.4, the variability in the microstructure occasion-
ally led to the localization of fracture away from the notch plane in specimens
with a0/W = 0.2 and 0.4. This phenomenon was also observed in the numer-
ical simulations. A representative example is plotted in Fig. 3.8a for a0/W

= 0.2. While fracture tends to localize in the notch plane for longer notches
(Figs. 3.6c and 3.8b), the felt sometimes apparently “ignored” the presence of
a notch when a0/W = 0.2 and found a weaker path where the deformation was
localized and decohesion occurred. Fig. 3.9 provides experimental evidence for
this phenomenon. This result is indicative of the synergistic contribution of two
phenomena for the notch insensitive behavior: the variability in the mechanical
properties along the height and the limited strain concentration in front of the
notch tip induced by the sparse network structure.
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3.3 Study on fracture localization

Most of the experiments and simulations of the mechanical performance of
nonwoven felts available in the literature are limited to tensile deformation (see,
for instance Kim & Pourdeyhimi (2001); Kim (2004); Hou et al. (2009) and the
references from the introductory chapter), and very little information is available
on the shape of the failure locus and the associated localization and damage
mechanisms under biaxial loading. This information is critical from a practical
viewpoint (as biaxial stresses are often found in engineering applications) and
also to develop constitute equations for these materials which can be used to
analyze the mechanical behavior of structural components containing nonwoven
felts (Isaksson et al., 2004; Jearanaisilawong, 2008).

The investigation described in this section was aimed at studying the mech-
anisms of damage localization under biaxial stresses in a commercial nonwoven
felt made of glass fiber. The statistical parameters which determine the felt
microstructure are those presented in the previous and present chapters. The
computational model is used to study the onset and development of damage
localization and the notch sensitivity of the material and to obtain the fail-
ure locus under biaxial tension. To this end, a square mesh (W = 100mm,
H = 100mm) was generated and submitted to several virtual tests.

3.3.1 Description of virtual tests

Biaxial loading was applied on the square specimen by applying the following
boundary conditions (Fig. 3.11)

u̇y(x, 0) = 0 and u̇y(x, L) = vy

u̇x(0, y) = 0 and u̇x(L, y) = vx

tx(x, 0) = tx(x, L) = 0, x 6= 0, x 6= L

ty(0, y) = ty(L, y) = 0, y 6= 0, y 6= L (3.11)

where u and t stand, respectively, for the displacement and traction vectors
on the specimen boundaries along the x and y directions, and vx and vy were
the corresponding applied velocities on the specimen boundaries. Similarly, we

65



Chapter 3. A numerical model for the glass fiber mat

Figure 3.10: Random fiber network corresponding to a panel of 100 mm ×
100 mm.

distinguish two uniaxial tests. In the first of them, the lateral edges are free
and tension along the y axis was described by

u̇y(x, 0) = 0 and u̇y(x, L) = vy

tx(x, 0) = tx(x, L) = 0, x 6= 0, x 6= L

t(0, y) = t(L, y) = 0, y 6= 0, y 6= L (3.12)

The second case was a uniaxial deformation test, where horizontal motion
in the lateral edges was blocked. It can be also considered as a particular case
of a biaxial test in which vx = 0:

u̇y(x, 0) = 0 and u̇y(x, L) = vy

u̇x(0, y) = 0 and u̇x(L, y) = 0
tx(x, 0) = tx(x, L) = 0, x 6= 0, x 6= L

t(0, y) = t(L, y) = 0, y 6= 0, y 6= L (3.13)

Analogous boundary conditions are imposed for uniaxial tests along the x
axis.
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Figure 3.11: Schematic of the boundary conditions for biaxial deformation.

3.3.2 Results for smooth specimens

The square specimens were subjected to uniaxial tension and biaxial defor-
mation in the xy plane. In the case of the biaxial simulations, different loading
paths (characterized by the ratio vy/vx) were used to obtain the failure locus
in the Sx - Sy nominal stress space. The maximum applied velocity at the
specimen boundaries was always equal to 3 mm/s.

The results of the numerical simulations corresponding to one fiber network
are plotted in Figs. 3.12 to 3.20. Each figure presents the nominal tensile
stresses along both directions, Sx and Sy (obtained as the total normal force
acting on the specimen boundary divided by the initial length L) as a function
of the corresponding applied strains εx (= ux/L) and εy (= uy/L). The nominal
stresses in the figures were divided by the areal density of the felt (ρ). Although
irrelevant in this paper, because all the felts had the same areal density, it may
be useful to compare the results of these simulations with data obtained in felts
with the same material and structure but different areal densities. Comparison
with another kind of felt would require a new evaluation of microstructural
parameters, in particular the density of bonds. In addition, the deformation
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pattern at the end of the simulation is plotted to show the influence of the
loading conditions on the localization of fracture.

The stress-strain curves under uniaxial tension (Figs. 3.12 and 3.20) are
typical of a material with a quasi-brittle behavior. The fiber network presented
a linear elastic behavior until bond fracture began, leading to a maximum in
the loading carrying capacity of the felt. Interbundle fracture induced a rapid
re-arrangement of the fibers which led to the localization of damage along the
weakest path within the network after the maximum load (Fig. 3.12b and
3.20b). Obviously, the fracture path tended to be perpendicular to the loading
axis but deviations occurred due to the heterogeneity of the felt. The contour
plots of Von Mises stresses in the bundles (Figs. 3.12b and 3.20b) showed that
the higher stresses at the latest stages of fracture occurred near the crack path.
They were mainly induced by the bending of the bundles as the final crack led
to the separation of the felt in two pieces. The long tail in the stress-strain
curve was due to the energy dissipation by frictional sliding among the bundles.
This is shown in Fig. 3.12c, in which the strain energy stored in the network
and the energy dissipated by friction are plotted as a function of the applied
strain for the felt loaded under uniaxial tension along the x axis.

The addition of biaxiality through the restriction of lateral edges or the
addition of a second loading axis bring to light some interesting phenomena.
The first one is that the maximum load carrying capacity of the felt increased
slightly. As can be observed in Fig. 3.13b), the uniaxial deformation case
presents a longer failure path which differs from the uniaxial tensile simulation.
The longer crack, together with the increase in strength imply a larger energy
consumption. Moreover, in the case of equi-biaxial deformation (Fig. 3.16),
final fracture occurred by the development of two cracks parallel to the x and y
axis, respectively. Thus, the maximum load carried by the felt in one direction
was slightly increased due to the presence of tensile stresses in the perpendic-
ular direction arising from the boundary conditions. Additionally, comparing
with the free-edge test, a higher degree of biaxiality impedes fiber rotation and
specimen hourglassing. After the peak, the stress carried by the felt in both
directions decreased very rapidly because damage due to interbundle fracture
weakened the material in both directions. The amount of energy accumulated
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Figure 3.12: (a) Nominal stress Sx (divided by the felt areal density ρ) as
a function of the applied strain εx under uniaxial tension. (b) Contour plot
of the Von Mises stress in the fiber bundles at the end of the simulation.
The final crack path is highlighted (here and in the following figures) for the
sake of clarity. (c) Energy components during deformation. Magnification of
displacements is 5x.
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Figure 3.13: (a) Nominal stress Sx (divided by the felt areal density ρ) as
a function of the applied strain εx under uniaxial deformation (constrained
edges). (b) Contour plot of the Von Mises stress in the fiber bundles at the
end of the simulation.
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Figure 3.14: (a) Nominal stresses S (divided by the felt areal density ρ) as
a function of the applied strains along the x and y axes under biaxial tension,
vy = 0.25vx. (b) Contour plot of the Von Mises stress in the fiber bundles at
the end of the simulation.
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Figure 3.15: (a) Nominal stresses S (divided by the felt areal density ρ) as
a function of the applied strains along the x and y axes under biaxial tension,
vy = 0.50vx. (b) Contour plot of the Von Mises stress in the fiber bundles at
the end of the simulation.

during equi-biaxial loading (Fig. 3.16c) was much higher than that stored un-
der uniaxial tension (Fig.3.12c). This energy was also dissipated by friction
between the fiber bundles after bond fracture.

Figs. 3.14, 3.15, 3.17, and 3.18 show the results in the case of biaxial loading
with different strain rates along the x and y axes. The maximum load carried
by the felt in all these cases was reached in the direction of the axis deformed
at higher velocity and this result was independent of the ratio between the ve-
locities imposed in both directions. In addition, the stress-strain curves along
the x and y axes reached their maxima simultaneously, even though at differ-
ent strains. Thus, fracture of the felt occurred by the localization of damage
perpendicularly to the axis deformed at higher velocity following a mechanism
similar to that found under uniaxial tension. The onset of localization in one di-
rection did influence, however, the behavior along the perpendicular direction,
which showed a marked reduction in strength (Figs. 3.17a and 3.18a). This
can be explained by considering that damage in the felt was predominantly in-
troduced by interbundle fracture and the deformation in the transverse axis is
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Figure 3.16: (a) Nominal stresses S (divided by the felt areal density ρ)
as a function of the applied strains along the x and y axes under equibiaxial
tension, vy = vx. (b) Contour plot of the Von Mises stress in the fiber bundles
at the end of the simulation. (c) Energy components during deformation.
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Figure 3.17: (a) Nominal stresses S (divided by the felt areal density ρ) as
a function of the applied strains along the x and y axes under biaxial tension,
vy = 2vx. (b) Contour plot of the Von Mises stress in the fiber bundles at
the end of the simulation.
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Figure 3.18: (a) Nominal stress S (divided by the felt areal density ρ) as a
function of the applied strains along the x and y axes under biaxial tension,
vy = 4vx. (b) Contour plot of the Von Mises stress in the fiber bundles at
the end of the simulation.
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Figure 3.19: (a) Nominal stress Sy (divided by the felt areal density ρ) as
a function of the applied strain εy under uniaxial deformation (constrained
edges). (b) Contour plot of the Von Mises stress in the fiber bundles at the
end of the simulation.
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Figure 3.20: (a) Nominal stress Sy (divided by the felt areal density ρ) as
a function of the applied strain εy under uniaxial tension. (b) Contour plot
of the Von Mises stress in the fiber bundles at the end of the simulation.

74



3.3 Study on fracture localization

supported by an already weakened material. Fibers bundles were still capable
of rearranging themselves in the transverse direction after the first peak, and
a secondary maximum was sometimes found. The additional damage caused
by the loading in the transverse direction led to the sharp drop in stress in
the main loading direction, sometimes in the form of steps. It should also be
noted that biaxial loading led to a stiffer response of the material along the slow
deformation axis, which increased with the velocity ratio between both axes.
Finally, the final crack path tended to be orthogonal to the dominant loading
axis but adopting a longer, more curved configuration. Nevertheless, details of
the localization were very much dependent on the particular felt microstructure
which to a significant extent determined the weakest path.

The biaxial simulations presented above can be used to determine the failure
locus of the glass-fiber nonwoven felt in the Sx - Sy stress space. As microstruc-
tural differences in the random fiber network did significantly change the felt
strength, five different random and isotropic felts were generated following the
methodology presented above. The strength in both directions under uniaxial
tension, uniaxial deformation and various biaxial loading paths was obtained
and the results are plotted in Fig. 3.21. Each point (Sx, Sy) was normalized
by the uniaxial strength of the corresponding material under uniaxial tension
(free edges) along the x and y axis, respectively. The failure loci predicted by
two main failure criteria, namely Rankine and Von Mises, are also plotted for
the sake of comparison. The Rankine criterion, also known as the maximum
stress or normal stress criterion, states that failure occurs when the maximum
(normal) principal stress reaches the uniaxial strength. The Von Mises crite-
rion predicts that the failure locus is dictated by a critical value of the second
deviatoric stress invariant J2. This can be expressed as

S2
x − SxSy + S2

y = S2
uniaxial (3.14)

under plane stress conditions. In principle, it could be expected that the Rank-
ine criterion, which was formulated for brittle materials, would be more suitable
for glass-fiber nonwoven felts.However, the simulations were closer to the fail-
ure locus predicted by Von Mises because the felt strength subjected to biaxial
stress was higher than the uniaxial tensile strength in most cases. It should
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Chapter 3. A numerical model for the glass fiber mat

Figure 3.21: Failure locus normalized by uniaxial strength and loci cor-
responding to Von Mises and Rankine failure criteria. Each set of symbols
stands for the results corresponding to one network realization.

be noted, however, that neither criteria was able to completely reproduce the
slight increase in strength under equibiaxial loading.

3.3.3 Results for notched specimens

Experimental results on fiber networks having an open (sparse) structure
have shown that relatively large notches are necessary to localize the macro-
scopic crack in front of the notch Hägglund & Isaksson (2006). This behavior
has been attributed to two main causes. Firstly, large defects can appear in the
microstructure of low-density networks as a result of the random fiber distribu-
tion. These defects may shield the notch tip from the external stresses or act
as stress concentrators in which fracture is localized. Secondly, the stress con-
centration around the notch tip is limited because the stresses are localized in
particular bundles, which transfer the load away from the notch tip. As a result,
the stresses in the ligaments in front of the notch tips are quite homogeneous,
leading to a notch-insensitive behavior even though the material is brittle from
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3.3 Study on fracture localization

the viewpoint of strength and toughness (Isaksson & Hägglund, 2009). The
experimental and numerical studies on this subject were, however, limited to
felts subjected to uniaxial loading and there is no information available on the
behavior under multiaxial deformation.

The localization of damage in the presence of a central notch of length a0

= 0.2L along the x axis is shown in Fig. 3.22 for a nonwoven felt loaded
under uniaxial tension parallel and perpendicular to the notch (Figs. 3.22a
and 3.22b, respectively), under equibiaxial tension (Fig. 15) and under various
biaxial loading conditions (Fig. 3.24). The stress state in a homogeneous and
isotropic material loaded in uniaxial tension parallel to the notch is pure mode
II and localization was expected to grow from the notch tip at an angle to
the notch plane. This was not the case, nonetheless, in the nonwoven felt (Fig.
3.22a), in which fracture occurred by the development of two independent cracks
perpendicular to the notch and to the applied stress. The cracks did not begin,
however, at the notch tip but at the upper and lower notch surfaces. These free
surfaces act as weak points in the material due to the lower connectivity of the
fiber bundles and this effect is more important than the stress concentration at
the notch to nucleate the crack. The dominant effect of the microstructure on
the localization of damage and the final crack path is also found in Fig. 3.22b,
which shows the specimen behavior under uniaxial tension perpendicular to
the notch. Cracks should propagate in pure mode I from both notch tips in
an isotropic, homogeneous material. Once again, this was not the case in the
nonwoven felt, in which the microstructural heterogeneities led to significant
variations in the crack path from the notch plane.

The final damage pattern under equibiaxial loading was very similar to that
found in the unnotched specimen (compare Figs. 3.23 and 3.16) and fracture
took place by the propagation of two cracks oriented along the x and y axes.
The only particular feature of the notched specimens is that the cracks started
at the central notch, from the notch tip in the case of those propagating parallel
to the notch plane and from the center of the notch in the case of those growing
perpendicular to the notch plane. The dominant influence of the defects in
the microstructure is also clear from the results obtained in the particular fiber
realization depicted in Fig. 3.23. Damage perpendicular to the notch plane
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Chapter 3. A numerical model for the glass fiber mat

Figure 3.22: Damage localization in specimens with a central crack of
length 0.2L parallel to the horizontal, x axis, as a function of the loading
direction. (a) Uniaxial tension parallel to the notch, vy = 0. (b) Uniaxial
tension perpendicular to the notch, vx = 0.

and above the notch was localized in two parallel cracks, one growing from the
upper specimen surface and another growing from the center of the notch. The
driving force for crack propagation should have led to the coalescence of both
cracks but this was impeded by the microstructural heterogeneities in the felt.

Finally, the damage patterns in specimens subjected to various biaxial load-
ings are plotted in Fig. 3.24. Basically, the final fracture mechanism was formed
by either two horizontal or vertical cracks starting from the notch. The main
orientation of the cracks was dictated by the maximum applied stress in either
x or y direction, which depended on the ratio between the vy and vx. Slight
deviations in the crack paths from the horizontal or vertical direction were due
to the felt heterogeneity, which provided preferential fracture paths within the
material. This is demonstrated in Figs. 3.24a and 3.24b, in which the fracture
paths were practically identical although the vertical strain rate changed by a
factor of two.

The failure locus for a notched specimen with a horizontal crack of length
a0 = 0.2L subjected to biaxial tension is plotted in Fig. 3.25 in the stress space
Sx - Sy (normalized by the areal density of the felt). The corresponding locus
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Figure 3.23: Damage localization in specimens with a central crack of
length 0.2L parallel to the horizontal, x axis, subjected to equibiaxial tension,
vy = vx.

for the unnotched specimen with the same fiber realization is also plotted for
comparison. The figure shows that the presence of a notch parallel to the x axis
did not influence the strength of the material along this direction, in agreement
with the similar fracture patterns in smooth and notched specimens in Figs.
3.12b and 3.22a. The strength of the nonwoven felt perpendicular to the notch
was reduced due to its presence. This reduction in strength appeared whenever
the maximum normal applied stress was perpendicular to the notch plane and
failure took place by the propagation of a dominant crack parallel to the notch.
Thus, it seems that the stress concentration at the notch tip contributed to
reduce the load-bearing capacity of the material to a similar extent for both
loading conditions.

3.4 Concluding remarks

In order to rationalize and understand the experimental results described in
Chapter 2, a detailed micromechanical model was developed. The nonwoven felt
was represented by a 2D random network of beams and the geometrical charac-
teristics of the network were obtained from the actual felt properties. Besides,
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Figure 3.24: Damage localization in specimens with a central crack of
length 0.2L parallel to the horizontal, x axis, as a function of the loading.
(a) Biaxial tension, vy = 0.25vx. (b) Biaxial tension, vy = 0.5vx. (c) Biaxial
tension, vy = 2vx. (d) Biaxial tension, vy = 4vx.
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Figure 3.25: Failure locus of a specimen containing a horizontal notch of
length a0 = 0.2L. The failure locus corresponding to an unnotched specimen
is also plotted for comparison.

the mechanical properties of the fiber bundles and bonds in the model were also
measured independently from mechanical tests on the felt constituents. The
tensile behavior of unnotched and notched networks was simulated using the
finite element method and excellent agreement with the experiments was ob-
tained when energy dissipation by friction after bond fracture was included in
the model. The fiber network presented a linear elastic behavior until bond
fracture began, leading to a maximum in the loading carrying capacity of the
felt. Interbundle fracture induced a rapid re-arrangement of the fibers which led
to the localization of damage along the weakest path within the network after
the maximum load. The stress-strain curves presented a long tail due to the
dissipation of energy by frictional sliding between fiber bundles during failure.
The numerical simulations also predicted the size effects observed experimen-
tally. The influence of the width could be attributed to a border effect because
bundles at the boundary are stress free and the effect of height was linked to
increased probability of weaker paths through the specimen with the specimen
height. Finally, notch insensitivity was due to the synergistic contribution of
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Chapter 3. A numerical model for the glass fiber mat

two factors: the variability in the mechanical properties along the height and
the limited strain concentration in front of the notch tip induced by the sparse
network structure.

The model was used to assess the mechanical response of a glass-fiber non-
woven felt under biaxial loading. It was found that the failure path under
uniaxial or biaxial tension tended to be perpendicular to the maximum normal
stress applied to the felt, with small deviations due to heterogeneities in the
microstructure. In the case of equibiaxial loading, fracture occurred by the si-
multaneous propagation of two perpendicular cracks. The failure locus of the
felts can be approximated by a Von Mises criterion when considering uniaxial
and biaxial loading conditions.

The behavior of notched specimens subjected to uniaxial and biaxial loading
was also studied. The felt strength was virtually independent of the notch
in the perpendicular direction. Failure occurred by the propagation of cracks
perpendicular to the maximum normal stress applied to the felt, which grew
from either the external or the initial notch surface. In the case of equibiaxial
loading, the final damage pattern was given by two sets of perpendicular cracks,
very similar to that found in the unnotched specimen.
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Chapter4
Experimental characterization of
a polypropylene nonwoven

In this chapter, a experimental study of the processes which control the be-
havior of a commercial polypropylene nonwoven felt –spunbonded and consoli-
dated with the on-air partial fusion process— (Typargeo, 2004) is accomplished
in using various experimental techniques (in situ testing within the scanning
electron microscope, digital image correlation, standard mechanical tests, etc.)
to establish the influence of the constituent properties (fibers and bonds) and
the sequence of deformation and failure processes on the macroscopic behavior
of these materials. Two different loading scenarios (plain and notched speci-
mens subjected to tension) were considered to study how these mechanisms are
modified in presence of a stress concentration.

4.1 Material

The nonwoven material under study was a geotextile made of polypropy-
lene fibers (commercial trade name Typar SF32) manufactured by Du Pont
de Nemours. This is a spunbonded fabric in which the polypropylene fibers
were obtained through extrusion and then stretched to increase crystallinity
(Ramos-Carpio, 2007), resulting in fibers of 40-60 µm in diameter (Fig. 4.1a).
The continuous spun fibers were then laid down randomly on a flat surface
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(forming screen). Filament deposition is usually aided with an aerodynamic de-
vice referred to as fanning or entangler unit, intended to cross adjacent filaments
to increase cross directional web integrity. The result is a random network very
close to perfect isotropy. The web sheet is then area-bonded by the simulta-
neous application of pressure and heat, probably through an on-air process.
A distinctive feature of Typar is that the felt is bonded by utilizing undrawn
polypropylene filaments as a binder, which produces a softening point differ-
ence of 3oC due to their lower crystallinity (Russell, 2007). The fibers typically
appear as isolated, although it is not infrequent that they form bundles of 2, 3
or even 4 fibers (Fig. 4.1b). Partial fusion between fibers at the entanglement
points is normally observed. The overall view of the nonwoven fabric at a larger
scale by means of low magnification optical microscopy (Fig. 4.1c) and X-ray
computed tomography (CT) shows an isotropic microstructure (Fig. 4.2).

4.2 Experimental techniques

The goal of this work was to study the mechanical behavior and associated
micromechanisms of the nonwoven fabric described above. To this end, the
mechanical properties of isolated fibers and fabrics were measured.

Individual fibers were extracted from the felts by carefully pulling with
tweezers. Fibers were glued on a cardboard frame and fixed to a mechani-
cal testing machine for tensile tests with a gage length of 20 mm. The load was
exerted on the fiber after cutting the cardboard. The load carried by the fibers
was measured with a balance or a load cell, both with ±1 mN resolution (Fig.
4.3). Fiber elongation was determined as the cross-head displacement, since the
machine compliance was negligible as compared with the fiber. The cross-head
speed was constant and equal to 0.03 mm/s or 1 mm/s. Engineering strains
were computed as the fiber elongation divided by the initial length. Nominal
stresses were obtained from the load and the initial fiber diameter, assuming
a circular section. The fiber diameter of each individual fiber was accurately
measured in an optical microscope prior to testing.

The fabric microstructure was observed by means of a profile projector
(Nikon V12B) and a conventional optical microscope (Nikon Metaphot). Polar-
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(a)

(b)

(c)

Figure 4.1: (a) Polypropylene fibers (b) Isolated fibers and fiber bundles
within the nonwoven microstructure. (c) Overall microstructure of the non-
woven material.
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Figure 4.2: X-ray computed tomography images of a Typar SF32 specimen
(both sides).
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(a)

(b)

Figure 4.3: (a) Experimental setup for the tensile testing of individual
fibers. (b) Detail of the card and fiber during one of the tests.
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ized light and sample dyeing enhanced the image contrast to a large extent. The
fibers did not show a preferential orientation in any case. The areal density of
the felt was obtained on rectangular coupons of 150 mm × 200 mm from direct
mass measurements with an analytical balance (Mettler Toledo AG45) and the
dimensions of the specimens.

Rectangular coupons of 100 mm in height and 200 mm in width, following
EN ISO 10319 standard, were cut from the rolls to measure the mechanical
properties under uniaxial tension. Samples oriented in the rolling and transverse
direction of the fabrics were tested. Special grips made of two steel beams
with a canal were used to load the specimens. The grips were connected to
the actuator of the mechanical testing machine through a mechanical hinge to
eliminate bending stresses. The ends of the coupon were inserted into the canal
and clamped between two steel plates protected with rubber to avoid damaging
the fabric in the grip area. The clamping force was exerted by bolts distributed
along the beam. The steel grips were connected to the actuator and the load cell
of a mechanical testing machine. Tests were carried out under stroke control at
cross-head speeds of 0.01, 0.8 and 10 mm/s. The load was measured with a 5
kN load cell and it was recorded continuously during the test together with the
cross-head displacement. In addition, the deformation pattern on the specimen
surface was obtained by means of digital image correlation using commercial
software (VIC 2D) (Totry et al., 2008a,b; Sutton et al., 2009). The destruction
of the speckle patterns at strains around 25% prevented the analysis from being
carried out until test completion, but it was possible to reach close to the
maximum strength.

Notch sensitivity was studied in specimens of the same dimensions (100 ×
200 mm2), in which a central notch was cut with a standard steel blade. Notch
length was equal to 20%, 40% or 60% of the sample width.

Small coupons of 15 mm in height and 10 mm in width were used to study
the damage micromechanisms. To this end, they were coated with gold by sput-
tering and clamped by screwing steel plates to the yokes attached to the load
cell and actuator of a micro-electro-mechanical testing machine (Kammrath &
Weiss’ Tensile/Compression Stage) inside a scanning electron microscope (Zeiss
EVO MA-15). The testing area for the specimen was 10 mm × 10 mm and it
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was loaded in tension at a cross-head speed of 250 µm/min. Micrographs of the
central zone of the undeformed fabric were taken at 50X, 100X and 200X mag-
nification. The actuator was stopped at intervals of 250 µm and micrographs of
the previously selected area were taken at the same magnification. When the
nominal strain reached 60%, micrographs were taken every 500 µm. The test
concluded at 100% nominal strain. Load was not recorded because actual load
signal (up to 60N) could not be distinguished from the background noise, given
the fact that the load cell was designed for a maximum load of 10 kN. Rawal
et al. (2008) were able to measure load and provided a quantitative analysis of
anisotropy for a similar material. The experimental device is shown in Fig. 4.4.

4.3 Results and discussion

4.3.1 Single fibers

Representative tensile stress-strain curves of the fibers extracted from the
felts are plotted in Fig. 4.5. If Ω0 and l0 stand for the initial section and length
of the fiber, and Ω and l were the current values when the applied load was P ,
the engineering stress and strain were given, respectively, by P/Ω0 and (l−l0)/l0.
The true stress and the logarithmic strain were computed as P/Ω = Pl/Ω0l0 and
ln (l/l0) under the hypothesis that deformation took place at constant volume.
The true stress vs. logarithmic strain curve presents the sigmoidal shape typical
of thermoplastic elastomers, in which progressive straightening of the polymeric
chains upon deformation leads to a marked strain hardening. Fiber fracture was
brittle and occurred after extensive deformation (100%-200%). The average
values of the elastic modulus, Ef , engineering tensile strength, σf and strain-
to-failure, εf as well as the standard deviation can be found in Table 4.1 for
the fibers tested at low and high strain rates. Increasing the strain rate by a
factor of 33 only led to a slight improvement of the elastic modulus and the
engineering tensile strength (around 10-15%) and to a similar reduction in the
strain-to-failure. It should be noted that these properties are within the range of
values reported in the literature for fiber-grade polypropylene (MatWeb, 2010),
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(a)

(b)

Figure 4.4: (a) Miniaturized testing machine. (b) Scanning electron micro-
scope where the testing machine is inserted.
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indicating that neither the extraction process nor the manipulation degraded
the fiber properties.

Table 4.1: Mechanical properties of polypropylene fibers extracted from the
nonwoven fabric.

Strain rate Number of tests Ef σf εf

(s−1) (GPa) (MPa)
1.5 × 10−3 15 1.7 ± 0.1 240 ± 10 1.4 ± 0.1
5.0 × 10−2 8 1.9 ± 0.8 280 ± 10 1.24 ± 0.02

4.3.2 Unnotched samples

Two representative curves of the mechanical behavior of the unnotched sam-
ples subjected to uniaxial tension at a nominal strain rate of 8.0 × 10−3 s−1 are
plotted in Fig. 4.6. They show the evolution of the nominal stress (expressed
in terms of force per unit width) as a function of the engineering strain. After
a short linear region, the curves presented a marked non-linear behavior and
the maximum load carrying capacity was attained at engineering strains of the
order of 30% - 40%. Afterwards, two different post-peak behaviors were found.
The first one was characterized by a gradual reduction of the stress borne by
the fabric while the second presented one (or, sometimes, two) abrupt reduc-
tions in stress, associated to the sudden localization of damage. Both curves
presented a long tail as the stresses carried by the fabric were reduced to zero
at engineering strains above 100%. The ability to maintain a significant load
carrying capability at large strains is undoubtedly the most relevant feature
of this material, which automatically implies a very high capability of energy
absorption during the deformation.

The evolution of the shape of the rectangular specimens upon loading is
shown in the images taken at various nominal strains (Fig. 4.7). The regular
pattern drawn on the specimen surface, together with the natural roughness of
the fabric, was used to carry out a full-field measurement on the nominal strains
using digital image correlation. Unfortunately, the pattern lines fade as strain
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(a)

(b)

Figure 4.5: Tensile properties of polypropylene fibers extracted from the
fabric and deformed at a nominal strain rate of 1.5 10−3 s−1. (a) Engineering
stress vs. engineering strain. (b) True stress vs. logarithmic strain.
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Figure 4.6: Representative nominal stress vs. engineering strain for the
rectangular specimens loaded in tension at a nominal strain rate of 8.0 10−3

s−1. The deformed fabric at the points marked with a, b, c and d in one of
the curves is shown in Figs. 4.7a, b, c and d, respectively.
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increases, and the full-field measurements could not go beyond nominal strains
of 25%, which corresponds to 95% of the nominal strength. Due to the large
deformations and the gripping system (horizontal displacements are restricted
at fabric upper and lower boundaries), the rectangular specimen adopted an
hourglass shape. The magnitude of this hourglass effect could be estimated by
the ratio between the actual specimen width at the narrowest central section and
the actual specimen height, which remained approximately constant and equal
to 0.35 during the test. Under these conditions, the analysis of the vertical strain
pattern by digital image correlation showed that it was relatively homogeneous
in the central section of the specimen up to nominal strains of 15% (Fig. 4.8a).
Strain localization in the region near the center of the specimen started shortly
afterwards and it was evident at nominal strains of 20%. The precise area
of strain localization was very likely dictated by the fabric “cloudiness” —i.e.,
density fluctuations—, which control the area where damage is triggered. Strain
localization in this area increased rapidly upon deformation (Fig. 4.8c), leading
to the nucleation of a macroscopic instability at a nominal strain of ≈ 47%. It
is worth nothing that the photographs of the fabric were not able to discover
the localization of the strain prior to fracture, while digital image correlation
did reveal the progressive strain localization during deformation.

In order to analyze the evolution of damage during deformation from a differ-
ent perspective, an additional set of tests was carried out in which the samples
were subjected to successive unloading-reloading cycles (Fig. 4.9). Some gen-
eral features are apparent. Firstly, permanent deformations are considerable
and they appear early during deformation. Secondly, there are large hysteresis
loops. The unloading part of the loop exhibits an initial drop in stress which
gradually transforms into a steady decline, and approaches the horizontal axis
with a small slope. This reduced stiffness of the fabric when approaching zero
load can be due to the development of fiber buckling in compressed fibers. Upon
reloading, however, the slope of the stress-strain curve is significantly higher and
the behavior of the fabric can be rapidly approximated by a straight line whose
slope decreases with deformation. All these effects have to be closely related to
the actual deformation and damage micromechanisms. Permanent strains have
to be induced by non-recoverable mechanisms, such as fiber plastic deformation
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Figure 4.7: Deformation pattern of the rectangular specimen subjected
to tensile deformation. (a) Nominal applied strain of 15% (77 % of the
maximum load). (b) Nominal applied strain of 25% (94 % of the maximum
load). (c) Nominal applied strain of 46.5% (94 % of the maximum load, after
the peak). (d) Nominal applied strain of 47%, corresponding to the instant
after localization of fracture (32 % of the maximum load). Note the hinge
rotation in the experiment due to the symmetry loss when damage spreads
out
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Figure 4.8: Contour plot of the nominal vertical strain within a rectangular
region at the center of the specimen at different nominal applied strains. (a)
15%. (b) 20%. (c) 26%. The contour plots correspond to the specimen in
Fig. 4.7.
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Figure 4.9: Nominal stress vs. engineering strain of a rectangular specimen
subjected to successive unloading-reloading cycles during tensile deformation.
Test was carried out at a nominal strain rate of 8.0 × 10−3 s−1

or changes in the structure of the felt (fiber straightening and reorientation,
fiber fracture or bond breakage). The reduction in the fabric stiffness with de-
formation is obviously associated to damage, either by fiber fracture or bond
breakage. It should be finally noted that the width of the hysteresis loops during
unloading-reloading increased with deformation. The different behavior under
unloading and reloading can be initially attributed to two main causes: fiber
buckling in compression and frictional sliding between fibers whose bond was
broken during deformation. Both mechanisms are expected to play a more im-
portant role with deformation because bond breakage increases the average fiber
length between bonds and reduces the critical load for buckling in compression.

A standard measure of the damage evolution is the stiffness reduction during
deformation, given by the ratio E/E0 where E is the stiffness upon reloading
after the specimen has been deformed up to a given strain and E0 the initial
stiffness. The corresponding damage parameter D = 1 − E/E0 is plotted in
Fig. 4.10 as a function of the permanent, irrecoverable engineering strain for
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Figure 4.10: Evolution of the damage parameter D = 1 − E/E0 as a
function of the permanent, irrecoverable engineering strain for three different
specimens.

three different specimens. They show that damage grew very quickly in the
first stages of deformation and D approached 0.7 for permanent strains of 0.1,
which correspond roughly to the nominal strength. Damage continued increas-
ing afterwards although at a lower rate and reached values close to 0.9 when the
material had reduced its load carrying capacity to 30% of the nominal strength.

As the mechanical properties of polypropylene fibers depend on the strain
rate, additional tensile tests were carried out at lower (10−4 s−1) and higher
nominal strain rates (10−1 s−1) on rectangular samples of the same dimensions.
The corresponding nominal stress vs. engineering strain curves are plotted in
Fig. 4.11 and they presented significant differences. Specimens tested at low
strain rates showed a higher degree of non-linearity before the maximum load
and always failed gradually afterwards. Conversely, samples tested at 10−1 s−1

were stiffer and their nominal strength was higher and attained at lower strains.
Fracture after the maximum load was always abrupt, associated to the sudden
localization of damage. The secant elastic modulus at 10% strain, Es10, the
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nominal strength, Sf , and the energy absorbed during fracture, Wabs, could be
obtained from these curves, the latter determined as the area under the nominal
stress-strain curve. The average values and the standard deviation can be found
in Table 4.2 for the specimens tested at three different strain rates. They were
obtained from 12 samples (in each orientation) at 8.0 × 10−3 s−1, while only four
specimens were tested at higher or lower strain rates. The results of Table 4.2
confirm qualitative observations from Fig. 4.11. The material becomes stiffer
and stronger with strain rate but reduces its energy absorption capability, i.e.
the energy spent to fracture the material decreased by a factor of 2 as the
strain rate increased from 10−4 to 10−1 s−1. Table 4.2 also includes the results
corresponding to the rolling and transverse orientations for the specimens tested
at 8.0 × 10−3 s−1. No differences were found in the mechanical properties or
in the fracture micromechanisms between both orientations, in agreement with
the isotropic nature of the fabric.

Table 4.2: Mechanical properties under uniaxial tension of Typar 32SF
nonwoven fabric in the rolling and transverse directions at different strain
rates. The felt areal density was 118 ± 2 g/m2.

Nominal strain rate Orientation Es10 Sf Wabs

(s−1) (kN/m) (kN/m) (kJ/m2)
10−4 Rolling 31.5 ± 0.7 5.3 ± 0.1 5.0 ± 0.2

8.0 × 10−3 Rolling 37 ± 6 6.3 ± 0.3 4.8 ± 0.4
8.0 × 10−3 Transverse 42 ± 6 6.2 ± 0.3 5.3 ± 0.4

10−1 Rolling 47 ± 1.5 7.7 ± 0.4 2.6 ± 0.4

4.3.3 Deformation and failure micromechanisms

In order to ascertain the actual damage micromechanisms, tensile tests were
carried out within the scanning electron microscope as described in previous
paragraphs at a nominal strain rate of 4.2 x 10−4 s−1. They revealed that bond
fracture started at very early stages (2.5% of nominal strain) during deforma-
tion and was responsible for the rapid degradation of the fabric stiffness (Fig.
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(a)

(b)

Figure 4.11: Nominal stress vs. engineering strain for the rectangular spec-
imens loaded in tension. (a) Nominal strain rate of 10−4 s−1. (b) Nominal
strain rate of 10−1 s−1.
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4.12a).In fact, bond breakage is the main damage micromechanism. Once the
fibers were aligned along the loading direction, they underwent large plastic
deformation, as shown by the cracking and peeling of the metallic coating used
in the SEM (Fig. 4.12b). Fiber fracture was rarely seen during in situ tests in
the scanning electron microscope. Nevertheless, it cannot be ruled out that it
played an important role in the last stages of deformation, after the localization
of damage, when the residual strength of the fabric load was basically provided
by the surviving aligned fibers in an increasingly sparse felt.

Accordingly, damage in polypropylene nonwoven fabrics tested at conditions
which were analogous to the in situ tests —intermediate or low strain rates
(< 10−2 s−1)— began by the fracture of interfiber bonds at very low strains,
which promoted rearrangement of the fiber orientation and a reduction in the
fabric stiffness. This process (bond breakage and fiber reorientation) contin-
ued upon loading, leading to a rapid reduction in the fabric stiffness and to a
marked non-linearity in the stress-strain curve behavior. The maximum load
was attained under these conditions without any evidence of fiber fracture al-
though fibers oriented in the loading direction underwent plastic deformation.
Further bond breakage led to the localization of damage in the fabric, leading
to the development of a fracture zone made up of a fibers aligned in the load-
ing direction in a sparse felt. This sequence of events can be followed in Fig.
4.13 and Appendix B, which shows several micrographs of the same region of
nonwoven fabric obtained at increasing values of the applied strain. It should
be noted at this point that the micromechanisms of deformation and fracture
observed in the small coupons tested in the scanning electron microscope may
differ slightly from those of larger samples. This may be due to the presence of
fibers clampled at both ends as well as of fibers which exit the sample through
both lateral free edges. Both situations limit the ability of the fiber to change in
orientation upon deformation, and may change quantitatively the load bearing
capacity of the specimen, but they did not modify substantially the dominant
deformation and damage processes.

The nonwoven fabrics tested at high strain rates showed a significant in-
crease in strength and stiffness and the corresponding reduction in deformability
and energy-absorption capability. These differences could not be attributed to
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(a)

(b)

Figure 4.12: Micrographs of the nonwoven fabric during tensile testing
within the scanning electron microscope. (a) Evidence of bond fracture at
2.5 % nominal strain. The debonded fiber surfaces (which are not coated
with gold) showed white spots due to electrical charging. (b) Fibers oriented
along loading direction underwent plastic deformation, as shown by the de-
velopment of cracks on the gold coating (marked with arrows). Nominal
strain of 30 %. Loading direction was vertical.
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(a) 0 % nominal strain. (b) 20% nominal strain.

(c) 40% nominal strain. (d) 100% nominal strain.

Figure 4.13: Deformation and damage micromechanisms in the nonwoven
fabric during tensile testing. Loading direction was vertical. The complete
sequence can be found in Appendix B
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changes in the fiber properties with strain rate (see Table 4.1) and were caused
by the sequence of damage events upon loading. At low strain rates, damage
developed following the sequence bond breakage −→ fiber reorientation −→
bond breakage −→ fiber reorientation and so forth leading to a marked non-
linear behavior. However, there was not enough time for the collective fiber
rearrangement after bond fracture in the specimens tested at high strain rates
(≈ 10−2 s−1). As a result, the load was taken up by the unbroken interfiber
bonds, leading to a stiffer behavior, which ended abruptly by the massive frac-
ture of interfiber bonds at a critical load. After this event, damage was localized
in the fabric resulting in an abrupt reduction of the load bearing capacity. The
new fiber network was able to take up more load upon further straining until
another critical point was attained with the fracture of many interfiber bonds.
This process was repeated two or three times, leading to a serrated stress-strain
curve (Fig. 4.11b). Under these conditions, the nonwoven fabric presented
higher stiffness and strength (because the number of broken interfiber bonds
was smaller before the maximum load) but the localization of damage due to
the successive avalanches of bond fracture reduced the energy-absorption capa-
bility of the fabric in the post-peak regime.

4.3.4 Notch sensitivity

The excellent load-carrying capability of the polypropylene fabric at large
strains suggests good fracture properties. In order to check the notch sensitivity
of the material, tensile tests were carried out in rectangular specimens with
central notches whose length was equal to 20%, 40% and 60% of the specimen
width. Tests were performed at a nominal strain rate of 8.0 × 10−3 s−1 and
the corresponding nominal stress vs. engineering strain curves are plotted in
Fig. 4.14. Regardless of the initial notch size, all the samples presented a
similar behavior. The maximum in the load-carrying capacity was attained
after significant non-linear deformation and the samples presented a gradual or
abrupt reduction in strength after the peak load. All curves presented a long
tail as the stresses carried by the fabric were reduced to zero at engineering
strains between 100% and 200%.
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Notch sensitive materials present a reduction in strength higher than the
reduction in section in the presence of a crack. Polypropylene nonwoven fabrics
presented, however, a notch-insensitive behavior, and the average value of the
nominal strength (s) was proportional to the intact ligament section in the
specimens (1− a0/W ) following

s

s0
= 1− a0

W
(4.1)

where s0 is the nominal strength of the unnotched samples and a0 and W stand
for the initial notch length and the specimen W , respectively (Fig. 4.15). This
notch-insensitive behavior was also reported on other non-woven fabrics with
an open (sparse) microstructure made up of brittle (cellulose or glass) fibers, in
which relatively large initial notch lengths were necessary to ensure that local-
ization of fracture took place in front of the notch (Hägglund & Isaksson, 2006).
These fabrics —as opposed to the polypropylene felts— were linear elastic until
fracture and presented limited ductility as was shown in Chapter 2. Fracture
localized immediately after the maximum load, leading to a long tail in the
stress-strain curve as a result of the energy dissipation by friction between fiber
bundles. The notch-insensitive behavior in these materials was attributed to the
synergistic contribution of two mechanisms. From a microstructural viewpoint,
the variability in the stresses carried by the bonds and in the bond strength led
to the presence of weak paths throughout the network and the fracture path
was not controlled by the notch position. In addition, they exhibited an open
network structure, which limited the stress concentration around the notch tip
because the stresses localized in particular fiber bundles which transfer the load
away from the notch tip. Thus, the stresses in the ligaments in front of the
notch tips were rather homogeneous at the maximum load (Isaksson & Häg-
glund, 2009), limiting the ability of the crack to effectively localize damage.

In the case of the polypropylene fabrics, damage always localized in front of
the crack tip and the mechanisms mentioned in the previous paragraph (typical
of a quasibrittle felt) were not operative. On the contrary, its large nonlinear
deformation capability led to a complete blunting of the crack, reducing the
stress concentration at the tips (Figs. 4.16 and 4.17). Damage in front of the
notch tips followed the same sequence as in the smooth samples: bond fracture,
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Figure 4.16: Deformation pattern of a notched polypropylene fabric tested
at a nominal strain rate of 8.0 × 10−3 s−1. The initial notch length was 40%
of the specimen width.

followed by fiber reorientation, plastic deformation of the fibers and further
bond fracture, and finally to the localization of damage in a wide region with
sparse density in which the fibers were oriented along the loading axis. Thus,
load was channeled through the ligaments in front of both notch tips, without
any noticeable difference with respect to the unnotched specimens.

As shown above, the polypropylene fabrics lost part of their ductility and
energy absorption capability when tested at high strain rates, and this could
influence the notch sensitivity of the material. To check, tests were carried out at
a nominal strain of 10−1 s−1 in samples with a0/W = 0.6. The nominal strength
of the notched samples (normalized by the strength of the unnotched specimens
tested at the same strain rate) was also plotted in Fig. 4.15, and showed a
slight notch sensitivity owing to the reduction in the strain at maximum load
and deformability of the fabric before damage localization. Nevertheless, the
polypropylene nonwoven fabric could be considered a fairly notch-insensitive
material even when loaded at high rates of strain.
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Figure 4.17: Deformation pattern of the rectangular specimen with a cen-
tral notch of 60% the width subjected to tensile deformation. (a) Nominal
strain of 10% (70 % of the maximum load) (b) Nominal strain of 33% (max-
imum load). (c) Nominal strain of 67% (70 % of the maximum load, after
the peak). (d) Nominal strain of 70%, corresponding to the instant after
localization of fracture (10 % of the maximum load).
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4.4 Concluding remarks

The mechanisms of deformation and fracture under uniaxial tension were
studied in a thermally-bonded polypropylene nonwoven fabric. The material
was manufactured from polypropylene fibers which were randomly deposited
on a flat surface and then consolidated by the simultaneous application of heat
and pressure. Rectangular coupons were tested under tension at various strain
rates in the range 10−4 s−1 to 10−1 s−1 and the dominant mechanisms of de-
formation and fracture were analyzed using different experimental techniques.
It was found that damage began at very low strains by fracture of interfiber
bonds, which caused rearrangement of the fiber orientation and the reduction
in the fabric stiffness. This process (bond breakage and fiber reorientation)
continued upon loading, leading to a rapid reduction in the fabric stiffness and
to a marked non-linearity in the stress-strain curve behavior. The maximum
load was attained under these conditions without any evidence of fiber fracture
although fibers oriented in the loading direction underwent plastic deformation.
Further bond breakage resulted in the localization of damage within the fabric,
leading to the development of a fracture zone of sparse fabric mainly made up
by fibers aligned in the loading direction. These mechanisms were responsible
for the considerable deformability and energy-absorption capability of the fab-
ric, which also presented an excellent strength and was notch-insensitive. In
particular, the stress concentration around the crack tip was relieved by the
significant non-linear behavior, which led to a complete blunting of the crack.

The mechanisms of deformation and fracture were not substantially al-
tered by the strain rate within the experimental range (10−4 s−1 to 10−1 s−1)
but the strength increased with strain rate while the strain at maximum load
and energy-absorption capability decreased. These differences were caused by
changes in the sequence of damage events upon loading because there was not
enough time for the collective fiber rearrangement after bond fracture in the
specimens tested at high strain rates. Therefore, the load was taken up by the
unbroken interfiber bonds, leading to a stiffer behavior, which ended abruptly
by the massive fracture of interfiber bonds at a critical load, resulting in the
localization of damage within the fabric at lower strains.
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Chapter5

A constitutive model for the
mechanical behavior of
nonwoven fabrics

In this chapter, a constitutive model is presented for the in-plane mechanical
response of nonwoven fabrics. The model is developed within the context of the
finite element method and provides the mechanical response for a mesodomain
of the fabric corresponding to the area associated to a finite element. Thus,
the computational cost is reasonable because it is not necessary to represent
each fiber of the network but the localization of damage in the fabric can be
accounted for. The behavior of the fibers in the mesodomain starts basically
with the Petterson’s assumptions (Petterson, 1959) by considering a set of non-
interacting straight fibers with an arbitrary initial orientation. The effect of
fiber rotation for large strains and the non-linear fiber behavior are rigorously
taken into account by the continuum tensorial formulation (Planas et al., 2007).
In addition, the various damage mechanisms experimentally observed (bond
and fiber fracture, fiber friction and pull-out) are included in the model in a
phenomenological way and the random nature of these materials as well as the
changes in fiber connectivity due to bond fracture are also included by means of
a Monte Carlo lottery to determine the damage thresholds. The model results
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are validated against the experimental results on the tensile response of plain
and notched specimens of a polypropylene nonwoven fabric shown in chapter 4.

5.1 Description of the model

The objective of this section is to develop a constitutive model for the in-
plane deformation of nonwoven fabrics which is able to take explicitly into
account the main deformation and failure micromechanisms experimentally ob-
served. Thus, the model should account for the extensive fiber rotation, the
elasto-plastic deformation of the polypropylene fibers and the progressive dam-
age due to interbond fracture, which leads to the localization of fracture and to
the re-arrangement of the fiber network. In order to attain this goal, the model
is made up by three blocks built on top of each other: the network model, the
fiber model and the damage model. They are described below.

5.1.1 Fiber network model

The structure and deformation of the fiber network is taken into account
through a continuum model developed by Planas et al. (2007), which consti-
tutes an finite strain extension of the pioneering work of Cox (1952). The model
considers a square planar region of arbitrary size containing a random network
of long, straight, non-interacting fibers, neglecting the initial fiber curvature.
Each fiber direction is characterized by a unit vector N (Fig. 5.1), which forms
an angle Θ with respect to a privileged direction (e.g. the loading axis). This
square planar region is considered unloaded and taken as our reference config-
uration.

If the square region is subjected to a certain imposed deformation, given
by the deformation gradient tensor F, each fiber will deform according to its
orientation N. The fiber stretch, λf , is expressed as

λf = l

l0
=
√

CN ·N (5.1)

where l and l0 stand for the fiber length in the actual and reference con-
figuration, respectively, and C = FTF is the right Cauchy-Green strain tensor
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Figure 5.1: Fiber network in the reference configuration.

(Chadwick, 1999). Furthermore, the engineering stress sf carried by the fibers
will be a function of the fiber stretch as

sf = T

Ω0
= sf (λf ) (5.2)

where T is the axial traction applied on the fiber and Ω0 the initial fiber cross
section. The mechanical power per unit volume of fiber associated to the force
T acting on the fiber is expressed as,

ω̇ = T l̇

Ωl = T λ̇f

Ωλf

(5.3)

where Ω stands for the current fiber cross section. Assuming that fiber deforma-
tion takes place without volume change (Ωl = Ω0l0) and using equation (5.1),
the mechanical power per unit volume of fiber, ω̇ can be written in the reference
configuration as

ω̇ = sf (λf )λ̇f = sf (λf ) ĊN ·N
2
√

CN ·N
. (5.4)

Re-arranging terms following the rules of tensorial algebra, it follows

ω̇ = tr

[
sf (λf ) (N⊗N)Ċ

2
√

CN ·N

]
. (5.5)
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The extension of this expression to a fiber network can be carried out easily
by taking into account that the fabric is made up of sets of noninteracting fibers
with different orientation. If Ψ(Θ) is the fraction of fibers forming an angle Θ
(determined by NΘ) with the reference direction, the mechanical power per unit
volume of fibers in the fabric, ω̇fabric, is given by

ω̇fabric = tr

[∑
Θ

sΘ
f (λf )Ψ(Θ) (NΘ ⊗NΘ)

2
√

CNΘ ·NΘ
Ċ

]
. (5.6)

Let us now consider a homogeneous solid, subjected to an arbitrary deforma-
tion given by C. The mechanical power per unit volume due to deformation can
be written in the reference configuration in terms of the second Piola-Kirchoff
stress tensor as

ω̇ = tr
[1

2SĊ
]

(5.7)

(Truesdell, 1977), and this homogeneous solid will be equivalent to the fabric
in terms of the mechanical power stored or dissipated by the system if

tr
[1

2SĊ
]

= tr

[∑
Θ

sΘ
f (λf )Ψ(Θ) (NΘ ⊗NΘ)

2
√

CNΘ ·NΘ
Ċ

]
(5.8)

for all possible arbitrary deformation velocities given by Ċ. This equivalence is
valid irrespectively of the conservative or non-conservative nature of the forces
in the fibers. Thus, the constitutive behavior of the nonwoven fabric can be
expressed in terms of the second Piola-Kirchoff stress tensor as

S =
∑

Θ

sΘ
f (λf )Ψ(Θ) (NΘ ⊗NΘ)√

CNΘ ·NΘ
(5.9)

where the information concerning fiber orientation should be also provided in
the reference configuration because the second Piola-Kirchhoff stress tensor con-
siders forces and areas in the reference configuration. In a more general case, the
fiber orientation is given by the planar orientation distribution function Ψ(Θ)
defined as the probability for a fiber to be oriented in the interval (Θ,Θ + dΘ).
Obviously,

1 =
∫ π

2

−π
2

Ψ(Θ)dΘ (5.10)
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and Ψ(Θ) = 1/π in the case of an isotropic fabric. Therefore the constitutive
equation of the fabric can be expressed as

S =
∫ π

2

−π
2

sΘ
f (λf )Ψ(Θ) (NΘ ⊗NΘ)√

CNΘ ·NΘ
dΘ (5.11)

and the Cauchy stress tensor in the current (deformed) configuration is given
by

σσσ = 1
J

FSFT (5.12)

where J , the Jacobian, is the determinant of F.
Another important outcome of the model is the degree of orientation of the

fibers within the fabric, characterized by the orientation index β,

β =
∫ π

2

−π
2

FNΘ

‖FNΘ‖
· e1Ψ(Θ)dΘ (5.13)

where e1 is the unit vector along a privileged direction (e.g. the loading axis).
According to this definition, β is comprised in the interval [0,1], where β= 0
implies that all fibers are orientated perpendicular to the privileged direction
e1 and β= 1 implies that all the fibers are parallel to e1. An isotropic fiber
distribution is characterized by β = 2/π ≈ 0.64.

5.1.2 Fiber model

The influence of the fiber properties on the mechanical performance of the
fabric is introduced in the constitutive model through the nominal stress -
stretch sf (λf ) function (equation 5.11). Following the experimental results pre-
sented above, fibers were assumed to behave as one-dimensional, rate-independent,
isotropic, elasto-plastic solids with linear hardening. The total engineering
strain can be decomposed into the sum of an elastic (reversible) component,
ee

f and a plastic (permanent) one, ep
f ,

ef = ee
f + ep

f . (5.14)

The elastic strains are related to the fiber stresses through the fiber elastic
modulus
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sf = Ef ef = Ef (λe
f − 1) (5.15)

while plastic deformation is controlled by the yield function Φ given by

Φ = sf − (sy
f +Hf ē

p
f ) (5.16)

where sy
f and Hf stand, respectively, for the fiber yield strength and the plastic

hardening modulus and ēp
f is the accumulated plastic strain, which is computed

as

ēp
f =

∫ t

0
ėp

f dt. (5.17)

The yield function discriminates between elastic and plastic regimes accord-
ing to

Φ < 0 =⇒ ėp
f = 0 (5.18)

Φ = 0 =⇒
{
ėp

f = 0 for neutral loading
ėp

f > 0 for plastic loading
(5.19)

Thus, the stress carried by the fiber at the instant t+ dt, st+∆t
f , is computed

in the elastic regime as

st+∆t
f = st

f + Ef ∆ef (5.20)

where st
f is the fiber stress at time t and ∆ef the strain increment corresponding

to ∆t. In the plastic regime, the elastic trial stress given by equation (20) has
to be corrected according to (Simó & Hughes, 1998):

st+∆t
f = st

f + Ef ∆ef

[
1− Ef

Ef +Hf

]
= st

f + EfHf

Ef +Hf

∆ef (5.21)

The equations for the fiber behavior presented above are only valid for tensile
stresses because fibers are considered to buckle even at low compressive stresses.
Thus, sf = 0 whenever compressive stresses are applied to the fibers.
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5.1.3 Damage

Damage in thermally-consolidated nonwoven polypropylene fabrics is mainly
triggered by interfiber bond fracture, as was shown in the previous chapter.
The first effect of bond fracture is to reduce the load carried by the fibers
crossing at the broken bond, but it also changes the connectivity of the network.
Thus, further deformation gives rise to a re-arrangement of the fiber network
accompanied by extensive fiber rotation, and fibers are eventually re-loaded as
they become aligned with the external loading axis. Finally, fiber fracture occurs
in the last stages of deformation well beyond the peak-load in the stress-strain
curve. It is evident that these mechanisms, involving changes in the topology of
the fiber network, cannot be explicitly accounted for in a continuum model like
the one presented here and a phenomenological approach was adopted. This
approach includes bond fracture through a continuum damage model in the
fibers based on the experimental evidence that bond fracture leads to a reduction
in the stress carried by the fibers. Nevertheless, the model is implemented in
such a way that the load carried by damaged fibers can increase at later stages
of deformation to account for fiber re-loading once they become aligned to the
main loading axis.

The one-dimensional damage model for the fibers (Maimí, 2006; de Souza Neto
et al., 2008) is defined by a loading function, `, a damage activation function,
Φd, a damage threshold variable, r and a damage value, d. The loading func-
tion, `, determines the onset of damage for a certain loading state, and it is
expressed as

` = sf

b
(5.22)

where b is the interfiber bond strength and sf the fiber stress. Then, it is
assumed that bonds failed when the axial stress carried by the fiber reaches
a certain threshold. The attempts to measure the bond strength were not
successful but the progressive bond fracture during deformation suggested a
large variability in the bond strength. Thus, it was assumed that b followed a
Weibull distribution, and the fracture probability of the bond p was given by
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p = 1− exp
[
b− b0

B

]m

(5.23)

where b0 stands for the lower bound for the bond strength, and B and m control
the shape of the Weibull distribution. Regardless of the statistical distribution,
it was assumed that b < su

f , the fiber tensile strength.
The damage activation function, Φd(≤ 0), analogous to the yield function

in plasticity, establishes the onset of damage and is given by,

Φd = `− r (5.24)

where r, the damage threshold variable, defines the magnitude of ` at which
damage increases. The damage threshold equals one for intact fibers and in-
creases progressively with damage up to infinity when the fiber is completely
broken.

The evolution of damage follows the Kuhn-Tucker conditions, which estab-
lish

Φd ≤ 0 and ṙ ≥ 0 and ṙΦd = 0 (5.25)

If Φd < 0, the fiber behavior follows the elasto-plastic model presented in
the previous section while damage is activated when Φd = 0 and the rate ˙̀ is
to be evaluated. Negative values of ˙̀ correspond to elastic unloading, which
takes place without damage progress. If ˙̀ > 0, there is an increase in damage
threshold ṙ, which is determined by the consistency condition which requires
that Φd = 0 during the whole damage process. Thus,

Φ̇d = ˙̀− ṙ = 0 =⇒ ṙ = ˙̀ (5.26)

and an explicit expression of the damage threshold function r can be ob-
tained at each instant by the integration along the loading path of the loading
function rate `, leading to

r = max
{

1,max{`}
}

(5.27)

which makes evident the accumulative nature of damage.
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Finally, an exponential damage law links the damage threshold r and the
damage value d according to

d = 1− 1
r

exp
[
A(1− r)

]
(5.28)

where the parameter A controls the area under stress-strain curve, i.e the en-
ergy dissipated during fracture per unit volume of fibers, gf . This energy is
obtained by integrating the rate of dissipation and the relationship between
both magnitudes is given by

gf =
∫ ∞

0
b ḋ dt =

∫ ∞
1

b
d

r
dr = (2 + A)b2

2EfA
(5.29)

In our phenomenological approach, gf represents the energy dissipated dur-
ing fiber deformation and the contributions due to frictional sliding between
fibers after bond fracture and to fiber pull-out after fiber fracture. It is obvi-
ous that the total amount of energy dissipated by these mechanisms cannot be
estimated directly and can only be inferred from the total amount of energy
dissipated by the fabric during a tensile test.

The practical implementation of this model is depicted in Fig. 5.2. If damage
is attained during the elastic regime (Fig 5.2a), the elastic trial stress in the
fiber at the time t+∆t, strial

f (> b) is given by equation (5.20). This magnitude
is used to compute the new damage threshold r and the new damage variable
d according to equations (5.26) to (5.28). The stress in the damaged material,
st+∆t

f , is obtained as the intersection of the exponential damage law (equation
5.28) and the secant line starting at the origin with a slope given by Ef (1− d)
(Fig. 5.2a), and it is given by

st+∆t
f = Ef (1− d)(et

f + ∆ef ) (5.30)

If damage begins in the plastic regime (Fig. 5.2b), the trial stress at the
time t+ ∆t is obtained as

strial
f = Ef (et

f + ∆ef − ēp,t
f ) (5.31)

where ēp,t
f stands for the accumulated plastic strain at time t, and the same

procedure is used to update the values of the damage threshold and of the
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(a) (b)

(c) (d)

Figure 5.2: Damage model. (a) Damage in the elastic regime. (b) Damage
in the plastic regime. (c) Re-loading in the elastic regime. (d) Re-loading in
the plastic regime.
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5.2 Numerical implementation

damage variable. The stress in the damage material, st+∆t
f , is obtained as the

intersection of the exponential damage law (equation 5.28) with the line starting
at the at ep

f with a slope given by Ef (1− d) as (Fig. 5.2b),

st+∆t
f = Ef (1− d)(et

f + ∆ef − ēp,t
f ) (5.32)

One interesting feature that has to be included in the damage model is that
bond fracture may lead to an initial reduction in the load carried by the fibers
due to changes in the connectivity of the fabric. However, fibers can be re-
loaded at later stages as the fabric deforms and fibers are subjected to large
rotations. One simple way to include this effect into the continuum framework
is to assume that the bond strength b is not constant but may vary during
deformation. Thus, the bond strength is computed at each time increment using
a Monte Carlo lottery and the Weibull distribution of equation (5.23). If the
bond strength is below the current stress carried by the fibers, the damage model
presented above is used to determine the increment of damage and the new
equilibrium stress. Otherwise, the fiber is reloaded and the elastic trial stress
at time t + ∆t, strial

f is given again by equation (20) (Fig. 5.2c). If the elastic
trial stress is lower than the current fiber yield stress (strial

f < (sy
f + Hf ē

p,t
f ), it

has to be corrected only for damage and the stress st+∆t
f is expressed by

st+∆t
f = st

f + Ef (1− d)∆ef (5.33)

If strial
f ≥ sy

f + Hf ē
p,t
f (Fig. 5.2d), the fiber undergoes plastic deformation

during reloading and the plastic correction has to be added, leading to

st+∆t
f = st

f + EfHf

Ef +Hf

(1− d)∆ef (5.34)

5.2 Numerical implementation

The constitutive model developed in the previous section was implemented
as a VUMAT subroutine in Abaqus/Explicit. The numerical simulations were
carried out under plane stress conditions within the framework of quasi-static
loading and large displacements and rotations with the initial unstressed state
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taken as reference. The equations of motion for the body were integrated using
an explicit central difference integration rule together with the use of diagonal
(“lumped”) element mass matrices. More details can be found in Abaqus (2008).

Rectangular specimens of 200 x 100 mm2 were discretized with 40 x 80
CPS4R bilinear plane stress elements, with reduced integration (1 Gauss point
per element) and hourglass control. Selected simulations were carried out with
finer meshes (80 x 160 elements) to assess that the results were independent
of the element size. The boundary conditions of the coupons reproduced those
of the tensile tests in chapter 4, in which the displacements on the upper and
lower boundaries were prescribed in both directions according to,

u̇(0, y) = 0 , u̇x(H, y) = v , u̇y(H, y) = 0
t(x, 0) = t(x,W ) = 0, x 6= 0, x 6= H (5.35)

where t stands for the tractions applied to the specimen boundary and v

= 20 mm/s was the applied velocity on the upper boundary of the cell. This
speed was about twenty times higher than the experimental one to reduce the
computing time. One simulation carried out at v = 2 mm/s led to the same
numerical results, demonstrating that the dynamic effects due to the higher
strain rate were negligible.

In each time increment, the explicit finite element analysis provides the
VUMAT subroutine for each element the corresponding right stretch tensor U.
The VUMAT subroutine has a corotational formulation. This implies that the
constitutive equation is defined in a coordinate frame in which the reference
system rotates with the material. Thus, since in the corotational formulation
the rotations contained in the deformation gradient F are cancelled by the
rotation of the reference system, then R = I and therefore

F = RU = U (5.36)

The fiber fabric in each element was assumed to be isotropic in the reference
configuration and is made up by 50 set of fibers whose orientation varies from
−π/2 to π/2. The fiber stretch for each set is computed as

λΘ
f =

√
CNΘ ·NΘ =

√
U2NΘ ·NΘ (5.37)

122



5.2 Numerical implementation

Once the increment of deformation in each fiber set has been obtained, the
bond strength b (equal for all fiber sets in the element) is computed using a
Monte Carlo lottery and equation (5.23). The elastic trial stress is then com-
puted for each fiber set according to equation (5.20) and the development of
damage is determined through equation (5.24). If damage increases, the stress
carried by the fiber set is given by either equations (5.30) or (5.32). Other-
wise, the development of plastic deformation is checked using equations (5.18)
and (5.19). If yielding occurs, the stress carried by the fiber set is computed
according to equation (5.34). If not, the stress carried by the fiber set is com-
puted with equation (5.33). The corresponding flow diagram of the VUMAT
subroutine is shown in Fig. 5.3 for the sake of clarity.

Once the stress carried by each fiber set has been determined (and the
corresponding values of the accumulated plastic strain, damage threshold and
damage have been updated), they are added following equation (5.11) to obtain
the constitutive response of the fabric at the element. It should be noted that
equation (5.11) was derived using an equivalence with the mechanical power
per unit volume in an homogeneous solid. In the particular case of a two-
dimensional fabric, the relevant quantities are derived per unit area of the fabric
and thus equation (5.11) has to be multiplied by the ratio ρ/ρf (the areal density
of the fabric divided by the density of the polypropylene fibers), which stands
for the volume fraction of fibers per unit area of fabric.

In addition to the overall stress carried by the fabric at each element, an
average damage variable D was computed as the average value of the damage
variable for all the fiber sets. The elements with D > 0.99 were removed from
the simulations as they were practically broken and carried negligible stresses.

It is well known that the numerical implementation of damage may lead
mesh-dependent results because the energy dissipated is a function of the ele-
ment size. In order to overcome this limitation, the damage evolution law is
adjusted using a characteristic element length, lch, so the energy dissipated dur-
ing the tensile loading was independent of the refinement of the mesh (Bažant
& Oh, 1983; Bažant & Planas, 1998; Bažant, 2005). Mathematically, this con-
dition is introduced through the fiber energy of one fiber as
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Figure 5.3: Flow diagram of the VUMAT subroutine to simulate deforma-
tion and fracture of the nonwoven fabric.
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GF = gf lch (5.38)

where lch is equal to the square root of the finite element area. Obviously, gf

depends on the element size and this is introduced through the parameter A,
which is given by

A = 2lchb
2

2EfGF − lchb2 (5.39)

where the minimum size of the finite element is limited because the denominator
of equation (5.39) has to be positive.

Finally, it should be noted that sudden fracture of the bonds during the
simulations introduced local instabilities in the form of high frequency vibrations
which impaired convergency. As stated in chapter 3, they were eliminated by
using bulk viscosity, which introduces the pressure term Pv associated with the
volumetric strain rate according to

Pv = bdρcdlchε̇vol, (5.40)

where bd is a damping coefficient (= 0.06), cd the dilatational wave speed in
the material, and ε̇vol the volumetric strain rate. This viscous pressure term
damps the high frequency oscillations and for this reason it is also known as
“truncation frequency damping”. Again, the presence of damping somewhat
penalizes the stable time increment (Crisfield, 1991; Bower, 2010).

The convergence and stability of the numerical approach was checked by
carrying out simulations with different values for the time step (∆t), viscous
damping (b) and loading rate (v). No significant changes in the nominal stress-
strain curves corresponding to different simulations were observed. The differ-
ences after the load peak has been reached are due to the random nature of
damage and do not alter qualitatively the shape of the curves. Artificial strain
energy and viscous dissipation were negligible and no pathological oscillating
behavior was detected.
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Table 5.1: Density and parameters of the engineering stress - engineering
strain curve of polypropylene fibers extracted from the nonwoven fabric.

ρf (g/cm3) Ef (GPa) sy
f (MPa) Hf (MPa) su

f (MPa) eu
f

0.91 1.7 ± 0.1 120 ± 4 59 ± 2 240 ± 10 1.4 ± 0.1

5.3 Results and discussion

The model presented above was used to simulate the mechanical behavior of
the smooth and notched specimens of nonwoven polypropylene fabric reported
in chapter 4. The density and the mechanical properties of the fibers a were
obtained from tests on individual fibers extracted from the fabric (see Table
5.1) while the fabric density (118 g/m2) was also measured independently.

It was not possible, however, to determine experimentally the parameters
which control the onset and propagation of damage, i.e. b0, B and m, and
GF which includes the energy dissipated during fiber fracture as well as by
interfiber friction and fiber pull-out after fiber fracture. Although they were
chosen to reproduce the experimental results on the smooth specimens, and can
be found in Table 5.2, their values are linked to variables that can be measured
independently. For instance, b0 dictates the stress in the fibers at which damage
by interfiber fracture began and its low value leads to the initiation of damage
at very low strains, in agreement with the experimental results presented in
sections 4.3.2 and 4.3.3. Moreover, b is always limited by the fiber strength,
su

f and the fracture energy, GF , controls the total energy dissipated during the
tensile test, which is related to the area under the nominal stress - strain curve.
It should be noted that the actual value of GF was selected to fit the post-peak
behavior and is not a direct measure of the energy necessary to create a unit
of crack surface because of the features of the stochastic damage model. In
addition, to check the validity of these parameters, they were used to reproduce
the mechanical behavior of the notched samples, where the stress state in front
of the notch root is very different to the one found in smooth samples tested in
uniaxial tension.
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Table 5.2: Parameters controlling the onset and propagation of damage in
the nonwoven fabric

b0 (MPa) B (MPa) m GF (kJ/m2)

20 360 3.6 550

5.3.1 Smooth specimens

The numerical results of the the nominal stress (force per unit width) under
uniaxial tension are plotted in Fig. 5.3 as a function of the engineering strain for
a smooth specimen of 200 x 100 mm2, together with the corresponding experi-
mental results. The three numerical curves (plotted as thick lines) were obtained
using the same set of properties for the nonwoven fabric. The differences in the
mechanical response after the onset of damage were due to the stochastic nature
of the model in which bond strength is computed at each time increment using a
Monte Carlo lottery and the Weibull distribution equation (5.23). It should be
noted that the differences in the stress-strain curves among nominally identical
numerical simulations were similar to those reported experimentally, showing
the model ability to reproduce the random nature of the nonwoven fabric. The
two thick dashed lines in this figure corresponds to other numerical simulations
carried out with the same material parameters and boundary conditions and fi-
nite elements whose area was four times smaller. These simulations, much more
expensive from the computational viewpoint due to the higher number of ele-
ments and to the reduction in the time step, provided equivalent results in terms
of the maximum load and the strain-to-failure although the energy dissipated
after the peak was slightly lower. They demonstrate that the results provided
by the numerical model were practically independent of the finite element size.

The features of the numerical curves reproduced very accurately the exper-
imental ones. The initial linear region was followed by a nonlinear zone due to
the homogeneous nucleation of damage throughout the specimen by interbond
fracture. This process continued until a maximum in the load carrying capa-
bility was achieved (at engineering strains of the order of 30% - 40%), and it
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Figure 5.4: Nominal stress vs. engineering strain curves for unnotched spec-
imens of 200 x 100 mm2 loaded in uniaxial tension. Thick lines correspond to
the numerical simulations obtained with the constitutive model developed in
this chapter while the thin lines stand for the experimental results in chapter
4. The thick dashed lines correspond to numerical simulations in which the
area of each finite element was reduced by a factor of 4.
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was followed shortly afterwards by the localization of damage. The load was
not reduced to zero after the localization of damage and the curves presented
a long tail associated to the load transferred by a limited number of fibers ori-
ented parallel to the loading axis. It should be noted that the numerical and
experimental curves sometimes showed serrated shape and the load carried by
the fabric increased slightly after a sudden load drop. This phenomenon was
caused in the real material by the re-organization of the network topology after
the fracture of interfiber bonds and it was phenomenologically introduced in
our model by the stochastic variation of the interfiber bond strength b during
deformation.

These mechanisms are in very good agreement with those observed during
in situ mechanical tests in the scanning electron microscope (see chapter 4) and
can be seen in the contour plots of the average damage variable D (Fig. 5.5)
and fiber orientation index β (Fig. 5.6) corresponding to four different stages
during deformation marked as a, b, c and d in Fig. 5.4. Damage developed
homogeneously during the initial stages of deformation and was slightly higher
at the center and at the four corners. This was due to the stress concentration
induced in these regions by the barreling effect and the boundary conditions
on both ends on the specimen, respectively (Fig. 5.5a). The onset of inhomo-
geneous damage occurred near to the maximum load (Fig. 5.5b) and it was
found at the upper right corner of the specimen in this case. Nevertheless, the
actual localization of damage developed from another corner of the specimen
(Fig. 5.5c) and this behavior reflects the stochastic nature of the model imple-
mented. As a result, the numerical simulations presented very similar stress -
strain curves up to the maximum load but the after peak response varied as a
function of the actual localization path. This behavior is equivalent to the one
reported experimentally and mimics the stochastic nature of the nonwoven fab-
rics. Once localization began, it propagated very rapidly across the specimen
but it did not lead, however, to a brittle fracture. The final crack was bridged
by a few fabric ligaments which led to a long tail the stress-strain curve.

The model was also able to take into account the progressive re-orientation
of the fibers upon loading, as measured by the parameter β (Fig. 5.6). Fiber
re-orientation is minimum during the initial stages of deformation (Fig. 5.6a)
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Figure 5.5: Contour plot of the average damage variable D in the smooth
specimen subjected to uniaxial tension. (a) Applied strain of 0.16, corre-
sponding to point (a) in Fig. 5.4. (b) Applied strain of 0.40, corresponding
to point (b) in Fig. 5.4. (c) Applied strain of 0.53, corresponding to point
(c) in Fig. 5.4. (d) Applied strain of 1.0, corresponding to point (d) in Fig.
5.4. Elements with D > 0.93 were not depicted for the sake of clarity.
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and begins to be noticed near to the maximum load, particularly at the center
and the corners of the specimen where the stresses and strains were maxima
(Fig. 5.6b). This smooth alignment of the fibers along the loading axis changes
abruptly when damage is localized in one corner, leading to a rapid rotation
of the fibers in the damaged region (Fig. 5.6c), followed by fiber fracture and
the propagation of a crack across the specimen. The fibers in fabric ligaments
bridging the final crack were completely aligned with the loading direction (Fig.
5.6d).

Finally, it is also interesting to analyze the evolution of the plastic deforma-
tion in the fibers during deformation. The behavior of each element is the given
by the average of the 50 fiber sets with different orientation and the plastic
strain of each fiber set is different. Obviously, the highest stresses are borne
by the fiber sets aligned parallel to the loading axis from the beginning, which
also undergo the largest plastic strains. The contour plot of the accumulated
plastic strain in these fiber sets, ēp

f , is plotted in Fig. 5.7 at different stages of
deformation. They show that the plastic deformation was initially distributed
homogeneously (Fig. 5.7a) and it was concentrated in the corners and at iso-
lated points within the felt at the maximum load (Fig. 5.7b). Upon further
loading, plastic strain was localized in two strips parallel to the loading axis, one
starting from the upper-left corner of the fabric and the other in the center of
the specimen, which coincided with the regions of localization of damage. The
evolution of the plastic strain in these regions was controlled by the localization
of damage, which led to the formation of a dominant crack from the upper-left
corner of the felt. As a result, the specimen was unloaded and the plastic strain
throughout the specimen was frozen.

5.3.2 Notched specimens

The mechanical behavior of polypropylene nonwoven specimens with the
same dimensions and a central notch of 20%, 40% and 60% of the total width
was also simulated under uniaxial tension. The material parameters were those
used in the analyses of the smooth specimens and three simulations were carried
out for each geometry. The nominal stress vs. strain curves of the specimen with
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Figure 5.6: Contour plot of the fiber orientation index β in the smooth
specimen subjected to uniaxial tension. (a) Applied strain of 0.16, corre-
sponding to point (a) in Fig. 5.4. (b) Applied strain of 0.40, corresponding
to point (b) in Fig. 5.4. (c) Applied strain of 0.53, corresponding to point
(c) in Fig. 5.4. (d) Applied strain of 1.0, corresponding to point (d) in Fig.
5.4. Elements with D > 0.93 were not depicted for the sake of clarity.
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Table 5.3: Average values of the nominal strength (in kN/m) as a function of
the initial notch length. The experimental results correspond to a minimum
of 4 tests while the numerical ones are the average of 3 simulations.

Notch length 0 0.2W 0.4W 0.6W

Experiments 6.2 ± 0.1 5.2 ± 0.2 3.7 ± 0.2 2.4 ± 0.1

Simulations 6.32 ± 0.04 4.95 ± 0.12 3.70 ± 0.04 2.60 ± 0.04

an initial notch of 0.4W are plotted in Fig. 5.8, together with the corresponding
experimental results. The overall agreement between the numerical simulations
and the experimental results is very good and the model was able to capture
the maximum load bearing capacity of the felt, the post-peak behavior and the
variability in the experimental curves due to the inherent randomness of the
material. Similar results were obtained for the samples for initial notches of
0.2W and 0.6W . These latter results were not plotted for the sake of brevity

The average values of the nominal strength carried by smooth and notch
specimens is shown in Table 5.3. It is worth noting that both the experimental
results and the numerical model predict a notch-insensitive behavior in which
the reduction in the fabric strength is proportional to the initial notch length.
This behavior has also been reported in nonwoven fabrics made up of brittle
fibers (Hägglund & Isaksson, 2006, 2007) (see also Chapters 2 and 3 of this
document) and it was attributed to the felt randomness and the limited strain
concentration in front of the notch tip induced by the sparse fiber network
structure. In the case of the polypropylene fabrics, notch insensitiveness is
caused by the large non-linear deformation capacity of the material, which leads
to the complete blunting of the notch tip before failure, as it will be shown below.

In addition to the macroscopic behavior, it is also worth analyzing the mi-
cromechanisms of damage in front of the notches where the fabric is subjected
to an stress state very different from uniaxial tension. The contour plot of the
average damage, D, is shown in Fig. 5.9. Damage developed very early in
front of the notch tips and was spread out from there to the lateral ligaments.
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This process was accompanied by a progressive blunting of the notch tips and
by the localization of the strain in front the notch, and both processes were
remarkably similar to the experimental behavior depicted in Fig. 4.17. The
maximum load was dictated by the weakening of the material in front of the
notches but was attained well before the elements in front of the notches were
completely broken (Fig. 5.9b). Localization of damage was more gradual in the
notched specimens, as compared to the smooth ones. Thus, the reduction in
the load bearing capacity of the fabric with strain was also slower and it should
be noted that these differences between smooth and notches were also captured
by the numerical model. Final fracture occurred by the failure of the fabric in
front of the notch after the notch tips were completely blunted (Fig. 5.9d). As
in the case of smooth specimens, the final crack were bridged by a few fabric
filaments which led to a long tail the stress-strain curve, in agreement with the
experimental observations (Figs. 4.17c and 4.17d).

The evolution of the fiber orientation is shown in Fig. 5.10 at different stages
of deformation. The inhomogeneous stress state induced by the presence of the
notch leads to two very different regions. On the one hand, the felt remained
fairly isotropic above and below the notch, where the stresses were very low, but
the fibers showed a slight trend to be aligned perpendicular to the loading direc-
tion. On the other hand, fibers rapidly rotate and became parallel to the loading
axis in front of the notches. Again, this orientation of the fibers perpendicular
to the loading axis in front of the notch was corroborated by the experimental
observations (Figs. 4.17c and 4.17d). The contour plots of the accumulated
plastic strain on the fibers showed the expected results, with fiber plasticity
concentrated in front of the notches (5.11a-d). Finally, and for the sake of com-
pletion, a contour plot of the maximum in-plane principal stress is depicted in
Fig.5.12. This is relevant in the case of notched specimens in order to evaluate
stress concentration near the notch tip. Again, the stress is channeled through
the ligaments. The effect of the aforementioned mechanisms –fiber rotation and
fiber plasticity, plus the apparition of some bridging elements— limits the stress
concentration. It is also worth noting that the presence of the notch produces
a transversely compressed area located on both notch neighboring sides which
is responsible for the values of the orientation index which are less than 2/π,
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corresponding to a slight alignment along the perpendicular-to-load direction.
As soon as damage begins, an immediate unloading follows. In the final stage
of deformation, the specimen completely loses its load-carrying capability (Fig.
5.12).

5.3.3 Parametric study

The outcome of the model with respect to damage depends on a number of
parameters which depends on a number of parameters which cannot be mea-
sured independently. Thus, it was deemed necessary to carry out a parametric
study to assess their influence on the onset and propagation of damage. To this
end, additional simulations were run for a smooth specimen in which one of the
parameters was increased or reduced with respect to the values showed in 5.2,
keeping the rest of them constant.

The first parameter under examination was the damage threshold b0. As
shown in Fig. 5.13, the higher the threshold the higher the strength as well as
the stress for the onset of damage. The shape and width of the stress-strain
curve were not altered.

B, the denominator of Weibull distribution, controlled the width of the
distribution. Lower values imply a narrower distribution and therefore a shorter
range of failure stresses, making high failure values less probable. Fig. 5.14
depicts the effect of B on the stress-strain curve, which is basically similar to
that of modifying b0. Increasing B led to a slight displacement of the stress
peak to higher strains, though.

The exponent of the Weibull distribution, m, is responsible for the distribu-
tion shape. A Weibull distribution is symmetric precisely if m = 3.6, whereas
it is right-skewed —i.e. the right tail is longer and the mass of the distribution
is concentrated on the left, with relatively few high values— when m < 3.6
and left-skewed (relatively few low values) when m > 3.6. As can be inferred
from Fig 5.15, a right-skewed Weibull distribution (m= 3.0) leads to a decrease
in strength accompanied by a more ductile response. On the contrary, a left-
skewed distribution (m = 4.0) increases strength at the expense of a sharper
stress drop after the peak, which is also reached at lower strains.
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It is worth mentioning that the Weibull distribution is also affected by the
cut-off imposed by the fiber fracture stress. In other words, the model takes
into consideration damage corresponding to bond fracture, which is triggered
by fiber stresses higher than b0. The development of fiber fracture acts as a
cut-off for the high-stress tail of the Weibull distribution: whenever the Monte
Carlo lottery leads to a stress higher than 240 MPa, the damage threshold is set
to 240 MPa. To assess the influence of this effect, the model response without
this constraint is plotted in Fig. 5.16

As can be observed, the felt strength did not change, but the stress-strain
curve showed a longer tail and displayed a much more ductile behavior. More-
over, after the maximum, the curve presented a serrated shape and the mate-
rial was able to recover all its load-carrying capability. The second drop-and-
rebound event was very similar to those observed experimentally (Figs. 4.6,
4.11b and 5.4).

Finally, the extremely high value for GF in the model raised the question of
the actual energy absorption during the deformation and fracture process. As
in the previous analyses, two extra simulations were run with different values
for this parameter (GF = 400 kJ/m2 and GF = 700 kJ/m2). The results are
plotted in Fig. 5.17.

Despite this strong perturbation, the new curves were only slightly differ-
ent from the baseline. There was some additional ductility for higher GF , as
expected, but the curves were not very sensitive to significant variations in
the parameter, which suggests that the Monte Carlo damage threshold lottery
strongly interferes with the energetic dissipation due to damage. To evaluate
this effect, a new simulation in which the Monte Carlo draws were suppressed
was run. This implies that damage was triggered when the fiber stress attained
240 MPa. The corresponding results can be found in Fig. 5.18. As can be seen,
the suppression of the Monte Carlo lottery had a dramatic effect upon the re-
sponse of the material. The deterministic model exhibited the typical behavior
of a very tough material, characterized by a fracture energy GF as high as 550
kJ/m2. The work absorbed along all the deformation process by the determin-
istic model simulation (area under the load-displacement curve) reached 420
J, whereas the Monte Carlo simulations absorbed only around 77 J, roughly
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equivalent to 20% of the energy dissipated in the deterministic simulation. The
data from Tab. 4.2 provide an experimental contrast ranging from 52 J (fastest
tests) to 106 J.

As a concluding remark or even as a cautionary note, it can be said that
the effects of all these four parameters are closely entangled in a nonlinear way.
The family of parameters in Tab. 5.2 provides a material response which is in a
good agreement with the experimental one, but the uniqueness and optimality of
this family have not been proved and cannot be taken for granted. We consider
more relevant the validity of the approach rather than the factual accuracy of
the parameters.

5.4 Concluding remarks

A physically-based continuum model was developed to simulate the in-plane
mechanical behavior of nonwoven fabrics. The model provides the constitutive
response of the material at the mesodomain level and it is thus suitable to
be implemented as a material subroutine within the framework of the finite
element method. The model is built upon the ensemble of three blocks, namely
fabric, fibers and damage to reproduce the actual mechanisms of deformation
and fracture experimentally observed. The nonwoven fabric model considers
a set of non-interacting straight fibers with arbitrary orientation and uses a
rigorous tensorial formulation valid for large deformations and rotations to take
into account the evolution of fiber orientation upon loading. The fiber model
assumes an elasto-plastic behavior which reproduces accurately the mechanical
response of polypropylene fibers. Finally, the effect fiber fracture, fiber pull-out
and friction are included in the model by means of continuum damage model,
while the inherent randomness of the nonwoven microstructure as well as the
changes in the fabric topology due to fracture of interfiber bonds are introduced
phenomenologically by means of random-variable damage thresholds.

The model was implemented in Abaqus/explicit as a user material subrou-
tine and was used to simulate the behavior under uniaxial tension of smooth and
notched rectangular specimens of a polypropylene nonwoven fabric. The model
parameters associated to the fabric and fibers were carefully measured indepen-
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dently while those related to damage were chosen to reproduce the macroscopic
response of the smooth specimens. The model simulations reproduced very ac-
curately the nominal stress - strain curve of smooth and notched samples as well
as the main deformation and fracture micromechanisms, including the rotation
of the fibers in different areas of the fabric, the transition from homogeneous
deformation to the localization of damage and the final fracture. These results
show the potential of this physically-based model to reproduce the complex
deformation and fracture micromechanisms of nonwoven fabrics.
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(c)

Figure 5.7: Contour plot of the accumulated plastic strain, ēp
f , in the fibers

oriented parallel to the loading axis in the smooth specimen subjected to
uniaxial tension. (a) Applied strain of 0.16, corresponding to point (a) in
Fig. 5.4. (b) Applied strain of 0.40, corresponding to point (b) in Fig. 5.4.
(c) Applied strain of 0.53, corresponding to point (c) in Fig. 5.4.
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Figure 5.8: Nominal stress vs. engineering strain curves for the specimen
of 200 x 100 mm2 with an initial notch length of 40 mm loaded in uniaxial
tension. Thick lines correspond to the numerical simulations obtained with
the constitutive model developed in this chapter while the thin lines stand
for the experimental results in chapter 4.
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(a) (c)

Figure 5.9: Contour plot of the average damage variable D in the notched
specimen subjected to uniaxial tension. (a) Applied strain of 0.13, corre-
sponding to point (a) in Fig. 5.8. (b) Applied strain of 0.21, corresponding
to point (b) in Fig. 5.8. (c) Applied strain of 0.30, corresponding to point
(c) in Fig. 5.8. (d) Applied strain of 0.86, corresponding to point (d) in Fig.
5.8. Elements with D > 0.93 were not depicted for the sake of clarity.
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Figure 5.10: Contour plot of the fiber orientation index β in the notched
specimen subjected to uniaxial tension. (a) Applied strain of 0.13, corre-
sponding to point (a) in Fig. 5.8b. (b) Applied strain of 0.21, corresponding
to point (b) in Fig.5.8b. (c) Applied strain of 0.30, corresponding to point
(c) in Fig. 5.8 b. (d) Applied strain of 0.86, corresponding to point (d) in
Fig. 5.8b. Elements with D > 0.93 were not depicted for the sake of clarity.
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Figure 5.11: Contour plot of the accumulated plastic strain, ēp
f , in the

fibers oriented parallel to the loading axis in the smooth specimen subjected
to uniaxial tension. (a) Applied strain of 0.13, corresponding to point (a) in
Fig. 5.8b. (b) Applied strain of 0.21, corresponding to point (b) in Fig.5.8b.
(c) Applied strain of 0.30, corresponding to point (c) in Fig. 5.8 b. (d)
Applied strain of 0.86, corresponding to point (d) in Fig. 5.8b. Elements
with D > 0.93 were not depicted for the sake of clarity.

143



Chapter 5. A constitutive model for the mechanical behavior of nonwoven
fabrics

Figure 5.12: Contour plot of the maximum in-plane principal stress. Stress
is measured in MPa. (a) Applied strain of 0.13, corresponding to point (a) in
Fig. 5.8b. (b) Applied strain of 0.21, corresponding to point (b) in Fig.5.8b.
(c) Applied strain of 0.30, corresponding to point (c) in Fig. 5.8 b. (d)
Applied strain of 0.86, corresponding to point (d) in Fig. 5.8b. Elements
with D > 0.93 were deleted for the sake of clarity.
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Figure 5.13: Influence of damage threshold, b0, on the mechanical response
of the nonwoven fabric.

Figure 5.14: Influence of the denominator of the Weibull distribution, B,
on the mechanical response of the nonwoven fabric.
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Figure 5.15: Influence of the exponent of the Weibull distribution, m, on
the mechanical response of the nonwoven fabric.

Figure 5.16: Influence of the cut-off stress (240 MPa) on the mechanical
response of the nonwoven fabric.
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Figure 5.17: Influence of the fracture energy parameter, GF , on the me-
chanical response of the nonwoven fabric.

Figure 5.18: Influence of Monte Carlo lottery on the mechanical response
of the nonwoven fabric.
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Chapter6
Conclusions and future work

6.1 Conclusions

• The micromechanisms of deformation and damage in a glass-fiber non-
woven felt were analyzed. It was found that damage was caused by frac-
ture of the interbundle bonds, which occurred preferentially in a microstructure-
controlled weakest band in the specimen. Rearrangement of fiber bundles
and energy dissipation by friction led to long tails in the stress-strain
curves.

• The macroscopic manifestation of these mechanisms had several conse-
quences. Strength of unnotched specimens increased with the specimen
width and, to a minor extent, decreased with the specimen height. The
first phenomenon was associated to a edge effect and the latter to the
probabilistic occurrence of weaker paths. Moreover, these nonwoven felts
displayed a notch-insensitive behavior, where the open network structure
effectively limited the stress concentration.

• A new model based on the actual felt structure and the damage mi-
cromechanisms was developed. The model successfully reproduced the
experimental stress-strain curves, the observed size effects, as well as the
notch insensitivity of the glass fiber mat. The key roles of frictional dis-
sipation and microstructural rearrangement, together with the weakness
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of stress concentration and the existence of preferential (weaker) failure
paths arising from structural inhomogeneities were confirmed under uni-
axial and biaxial loading conditions. A Von Mises criterion is suggested
to approximate the felt failure locus.

• The mechanisms of deformation and fracture under uniaxial tension were
also established in a thermally-bonded polypropylene nonwoven fabric.
Again, fracture of interfiber bonds began at very low strains and was the
predominant damage mechanism, although fiber fracture was also present.
Bond decohesion caused connectivity changes which, in addition to fiber
rotations and fiber plastic yield, were responsible for the marked nonlinear
behavior of the stress-strain curves and the considerable deformability
and energy-absorption capability of the fabric. Strain rate controlled the
extent of collective fiber rearrangement: at high strain rates, there was
no time for rearrangement and fabric failure occurred as a consequence of
a massive fracture of bonds at low strains. Therefore, with more bonds
carrying load for shorter times, fabric strength increased while energy-
absorption capability was accordingly reduced. The polypropylene felt
proved to be notch-insensitive as well. The aforementioned mechanisms
–additionally, connectivity changes also caused crack bridging— led to a
complete blunting of the crack.

• A new constitutive model was been developed to reproduce the mechan-
ical response of this kind of nonwoven in 2D. The model had a tenso-
rial finite strain formulation which included the effect of fiber orientation
and elastic-plastic behavior. Damage mechanisms –i.e. fiber pull-out and
fiber fracture— and microstructural inhomogeneity were treated in a phe-
nomenological way. The simulations reproduced accurately the nominal
stress - strain curve for both smooth and notched samples as well as the
main features of the deformation and fracture present in this kind of ma-
terial, particularly the progressive orientation of fibers and the transition
from homogeneous deformation to the localization of damage.
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6.2 Recommendations for future work

We can mention several research lines in order to continue the present study:

6.2.1 Experimental work

• Nonwovens are often used under multiaxial loading conditions other than
the uniaxial tensile ones. The experimental analysis of the deformation
and fracture micromechanisms under different loading conditions (biaxial
loading, shear, punching, etc) would be relevant.

• The experimental study could be supplemented by a better mechanical
characterization of individual bonds. Additional tests with techniques
such as in situ SEM tests, digital image correlation or acoustic emission
would improve the available information on the amount and precise local-
ization of damage.

• Regarding the polypropylene felts, the effect of the polymer response (lin-
ear, elastic, viscoelastic or perfectly plastic) can be assessed by testing
the material at several temperatures. Temperatures closer to the melting
temperature would increase the effect of plasticity. Selectively melting the
bonds without melting the fibers would be most desirable. Conversely,
testing below the glass transition temperature of polypropylene would
eliminate fiber yielding. The analysis of notch sensitivity in these embrit-
tled specimens would be particularly relevant.

6.2.2 Numerical models

• The current models are two-dimensional. The extension to 3D is obviously
an important step. The model for glass fiber should include a realistic
piling-up of the fibers considering their contact areas and some degree
of waviness. The constitutive model would imply the redefinition of the
mesodomains into polyhedra and spherical integration.

• Application of both models to new materials. In particular, microfibrous
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materials obtained by electrospinning, scaffolds for tissue engineering and
biological tissues would be cases of great interest.
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AppendixA
Statistics of fiber networks

The numerical model for the glass fiber mat is based on the statistical model
by Kallmes and Corte (1960). It is therefore crucial to assess the accuracy of
this study. To this end, a test for checking the number of intersections on a
square region has been performed (Heyden, 2000). Starting from equations 2.1,
the total number of intersections, Ni in a square of dimensions W × W is:

Ni = naW
2 =

ρ2
geomW

2

π
(A.1)

Recalling that the felt geometric density is defined as the total fiber length in
the felt, Lf divided by the fabric area, the number of intersections will be

Ni =
L2

f

πW 2 (A.2)

The number of intersections has been chosen as a check for the statistical model
because its simplicity and because its quadratic dependency on the fiber length
should make this magnitude more sensitive to variations in Lf :∣∣∣∣∆Ni

Ni

∣∣∣∣ = 2
∣∣∣∣∆Lf

Lf

∣∣∣∣, (A.3)

W is set as 1.0 m and errors in the evaluation of π are considered negligible. The
algorithm starts by randomly launching between 10 and 900 fibers with lengths
measuring 0.1 m, 0.3 m, 0.5 m (short fibers), 5.0 m and 10.0 m (long fibers).
Not all the combinations of number of fibers and fiber lengths are taken into
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consideration, and all the realizations were well above the percolation threshold
(Lf >> 5.7W 2/l) (Kähkönen, 2003). The algorithm computes the total fiber
length inside the square region, calculates the theoretical number of crossings
according to Eq. A.2 and counts the actual number of intersections. It should
be noted that the theoretical prediction is obtained as an integer rounded from
a real number whereas the number of intersections is directly an integer. Fig.
A.1(a) shows the total number of intersections vs. the total length of fiber in a
square region of unit area for both the theoretical prediction and the algorithm
count. It can be observed that the actual number of counted intersections
closely follows the prediction by Eq. A.2. Still, in order to check the accuracy
of the model it is mandatory to compare the relative error of the count with
respect to the prediction. In figure A.1(b), this relative error is plotted against
the total length of fiber. The usual definition of relative error as an absolute
value has not been used in order to ascertain the presence of bias.

As we can see, the maximum deviation with respect to the theoretical pre-
diction (dashed line) is 3% and the values consistently remain in the ± 1% band
(Std. dev.= 0.9%), particularly for large values of Lf . Both the mean (-0.001)
and the median (-0.002) are negative, which implies that the model marginally
overestimates the number of fiber intersections. Nevertheless, there is a very
good agreement with Eq. A.2 and the model can be considered satisfactory
validated.
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(a)

(b)

Figure A.1: Dependency of the number of intersections on the total fiber
length. (a) Count of of intersections and theoretical prediction by A.2. (b)
Relative error of the number of intersections with respect to the prediction.
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AppendixB
Sequence of deformation

The complete sequence of deformation of a polypropylene felt submitted to
a uniaxial tensile test inside the scanning electron microscope was registered
with a magnification of 50x, 100x and 200x. The images corresponding to the
50x record, which is the most significant one, are depicted here:
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Images were acquired every 250 µm from image 1 to image 25, up to an
engineering strain of 60% and every 500 µm from picture 26 to picture 32 (60%
strain to 100% strain). Pictures 1 to 13 were taken with the secondary electrons
probe and pictures 14 to 32 are superpositions of the information supplied by
the secondary electrons probe and the backscattered electrons one to avoid
excessive overexposure.
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