
Int J Fract (2009) 158:89–96
DOI 10.1007/s10704-009-9368-x  © Springer Science+Business Media B.V. 2009

LETTERS IN FRACTURE AND MICROMECHANICS

 1 3

A NOTE ON FLAW-INDUCED INTEGRITY REDUCTION OF STRUCTURAL
FABRIC

D. A. Powell and T. I. Zohdi
Department of Mechanical Engineering
6195 Etcheverry Hall
University of California, Berkeley, CA, 94720-1740, USA
email: dpowell1@stanford.edu, zohdi@newton.berkeley.edu

Abstract. In this work, a yarn-level computational model is used to predict the
stress around flaws of varying shapes and sizes in sheets of structural fabric. The
stress concentration is shown to depend solely on the size of the flaw along each of
the primary yarn directions. Furthermore, the stresses in the fabric are seen to be
very sensitive to the boundary conditions applied to the sheet.
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1 Introduction. Structural fabrics, because of their high strength to weight ratios,
are used in a broad range of applications including sails, parachutes, geotextiles,
inflatable structures and ballistic shielding. Since these materials are exposed to
daily wear an accidental cut or puncture may occur. Due to the presence of large
external loads, this localized damage may initiate a rapidly propagating tear and
lead to catastrophic failure of the material. Because ruptured yarn carry no load,
the load-share in the neighboring yarn must increase to compensate for the presence
of the flaw. Because the length-scale of the flaw is typically on the same order of
magnitude as the yarn spacing, the discrete nature of the yarn and fabric weave must
be taken into account in the analysis.

Despite the increasing use of high strength fabrics, little work has been done
exploring the response of a sheet of fabric containing small scale flaws or cut yarn.
Godfrey and Rossettos (1999 and 2003) proposed an analytical model to determine the
stress near yarn breaks, however their work explored neither the resulting distribution
of stress in the sheet away from the flaw nor the response of fabric to holes of varying
sizes and shapes. Most of the work on flaws in fibrous materials has focused on fiber
based composites. Prabhakaran (1979) and Prabhakaran and Xu (2001) have noted,
but not fully explained, the presence of hole-size effects in fibrous composites. While
the present work does not attempt to model the interaction of fibers and matrix, it is
the contention of the authors that a better understanding of the fabric problem may
provide additional insight into the coupled fiber-matrix problem.

Fabrics present a unique set of challenges to the development of accurate reliable
numerical models. This work will utilize a computational model that discretely models
the yarn to calculate the equilibrium stresses in a sheet of fabric containing a flaw. The
resulting stress distributions will be explained and comparisons will be made to the
case of a circular hole in a continuous isotropic material, which is used as a benchmark
problem. While the primary approach presented here models the individual yarn, an
alternative membrane approach is also examined. The two models will be used to
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explore the role of hole size and differences resulting from the two approaches. Finally,
the role of hole shape and boundary conditions will be investigated.

2 Description of the model. The approach is described in detail in Zohdi (2002),
Zohdi and Powell (2006) and Powell and Zohdi (2009), only a brief overview will
be provided. An approach to modeling fabrics is used that takes advantage of the
multiscale nature of fabric. The yarn are modeled using truss elements and their
response is determined by summing the responses of the hundreds of microscale fibrils
contained within each yarn. As the fibrils undergo only moderate strains, a simple
Kirchhoff-St. Venant material model for the fibrils is a reasonable choice. The stored
energy of a fibril is thus given by W = 1

2IEE2, where IE is the Young’s modulus and E
is the Green-Lagrange strain. As an unavoidable consequence of the weaving process,
the fibrils are not perfectly aligned with the axis of the yarn. By including this source
of random variation when the overall yarn response is calculated, the predicted yarn
response matches very well with experimental results.

To determine the behavior of the macroscale fabric sheet, each physical yarn is
discretely modeled with a yarn truss element. Although the approach outlined by Zo-
hdi and Powell (2006) is designed to model the dynamic response of fabric, the same
framework can be easily adapted to determine the equilibrium state resulting from
static loading. In similar models enforcing a zero stress state for compressive strains,
Steigmann and coworkers (Steigmann (1990), Haseganu and Steigmann (1994-1996)
and Atai and Steigmann (1997, 1998)) have developed a variety of theoretical results
and elastostatic solution techniques based on pseudo-dynamic relaxation methods,
such as those found in Papadrakakis (1980). In the present method, the static solu-
tion is captured from the long-term response of a dynamic system with an artificial
damping term.

3 Validation of the model: comparison with the isotropic case. While this
model has been shown to accurately capture fabric behavior in the case of dynamic
impact by a projectile (Zohdi and Powell (2006), Powell et al (2008), Powell and Zohdi
(2009)), we will now examine the quality of its solutions for static equilibrium cases.
Although the traditional fabric weave is transversely isotropic, in order to compare the
quality of the solutions produced by the approach against analytical results, we first
analyze a weave composed of three families of yarn arranged in a hexagonal pattern,
which results in an effective isotropic material response within the plane. Using this
isotropic weave, the numerical model can be compared with the analytical solution
for an isotropic sheet containing a circular flaw and subjected to biaxial tension. The
analytical solution (in Cartesian coordinates) for the stress in an isotropic sheet under
biaxial tension is (Figure 1)

σxx = σ0(1 + a2(y2−x2)
(x2+y2)2

), σyy = σ0(1 + a2(x2−y2)
(x2+y2)2

), σxy = σyx = σ0( a2xy
(x2+y2)2

).
(1)

Biaxial tension is considered, as opposed to uniaxial tension, so that comparisons
between the isotropic response and the transversely isotropic fabric sheet can be
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made later in this work. As the fabric sheet supports no load under compressive
strains, subjecting the sheet to uniaxial tension leaves two ends of the sheet free and
the solution becomes non-unique. To avoid this numerical instability, only situations
where the sheet is under biaxial tension or where the displacement of each boundary
is specified will be considered. This work is purely concerned with equilibrium states
and as such the external loads are chosen so as to be beneath the threshold necessary
for slip to occur. This threshold was set using the results of Zylon yarn pullout tests
performed at SRI and reported by Shockey et al (2001).

The isotropic, linear elastic, fabric weave was subjected to biaxial tension. The
resulting equilibrium stress state can be seen in Figure 1, along with the analytical
solution. The numerical and analytical solutions are in extremely close agreement.

Figure 1: The stress in an isotropic sheet under biaxial tension. Left: A sheet containing
a circular hole and under biaxial tension. Middle: Results of numerical simulation using
isotropic fabric weave. Right: Analytical solution shown on the same mesh and resolution.

4 Flaws in standard fabric: transversely isotropic materials. Now we consider
a transversely isotropic weave having a flaw. When a concentrated load is applied
to a continuous isotropic material, the response to that load is transmitted radially
outward. However, for a discrete fabric structure, the load can only be transmitted
along the yarn. If a concentrated load is applied to a yarn at point (a), before any
response would occur in its neighboring parallel yarn at point (b) the load must first
be transmitted along the initial yarn to the closest criss-cross junction. The load
must then travel along the perpendicular yarn to the junction with the neighboring
yarn and then finally along that yarn to point (b) (Figure 2). Similarly, if an external
force is applied to stretch a yarn, the neighboring yarn are not directly influenced
by that load. This behavior was noted in Godfrey and Rossettos (1999) where they
stated that load transfer between parallel yarn is ”accomplished by the rotation of
the tensioned crossing yarns.” Figure 2 shows the distribution of stress in a sheet of
fabric under biaxial tension. When compared to the stress distribution observed in an
isotropic material (Figure 1), it is clear that they differ significantly. As the cut yarn
carry no load, these initially unsupported forces cause the fabric to bow out around
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Figure 2: Left: A concentrated load applied to the yarn at (a) must follow a route along the
yarn in order to influence the deformation at (b). Middle: Stress in a traditional fabric with
a circular flaw illustrated by a profile of the stress in the vertical yarn plotted along a line
bisecting the sheet. Right: Stress concentration in the σyy component

the flaw. Once significant shape change occurs, the load is transferred to the yarn
bordering the flaw. This causes a substantially higher load to be carried by these two
yarn and produces a stress concentration. The plot in the middle of Figure 2 shows
that this stress concentration occurs only in the yarn on either end of the flaw. The
stress in the remaining intact yarn matches the far field value.

Table 1 illustrates the stress concentration predicted by the numerical simulation
for different size flaws. In order to satisfy equilibrium, the unsupported load across
the cut yarn must be transferred in its entirety to the rest of the fabric sheet. As the
stress concentration occurs in only the two yarn bordering the flaw, the increase in
the stress will depend on the size of the unsupported load, which is simply the far
field stress multiplied by number of cut yarn. The size of the stress concentration, as
seen in Table 1, is therefore described by the following simple equation:

σmax

σ0
= 1 +

n

2
, (2)

where σ0 is the far field stress, σmax is the maximum stress in the fabric sheet, and n
is the number of parallel yarn cut across the width of the hole.

A commonly used alternative approach for fabric is to employ a membrane model.
As opposed to the yarn level model presented thus far, the membrane approach treats
the fabric weave as a continuum and therefore one would expect for it to have dif-
ficulties in capturing the size effects of flaws in fabric. A membrane approach can
implemented in a finite element code by creating a two dimensional fabric sheet with
a transversely isotropic material model. As the shear strength for the material ap-
proaches zero, a fabric-like response is produced. The plot on the left of Figure 3
shows the stress concentration for a transversely isotropic material with smaller and
smaller shear strength values. As the shear strength goes to zero, the stress concentra-
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Table 1: Stress Concentration for Biaxial Tension

Flaw Size Simulated Stress Concentration
2 2.00
4 3.00
8 5.00
16 9.00

Figure 3: Left: Stress concentration due to a circular hole calculated using the finite element
method. Shear strength approaches zero, mimicking the properties of a fabric. Right: Stress
concentration as a function of decreasing element size. Data series for varying shear strengths
are shown.

tion approaches infinity. Based on the results of the yarn level model, this behavior
can be easily understood. The continuum representation of a fabric sheet mimics
a weave of an infinite number of yarns with zero width. A hole in the membrane
approach will represent a hole in the discrete yarn model with an infinite number
of cut yarn and therefore, according to Equation 2, the stress concentration should
be infinite. The plot on the right of Figure 3 shows that, as the shear strength is
reduced, the results suffer from greater mesh dependency. In the continuous model,
the yarn neighboring the flaw is assumed to be infinitely thin. As the shear strength
approaches zero, the number of elements necessary to accurately resolve the stress in
the material approaches infinity. These denser meshes require more computational ef-
fort which negates the main advantage of the membrane approach, its computational
simplicity.

5 The role of defect shape and loading/boundary conditions. We now turn to
the effects of defect shape on the response. Although only a limited number of shapes
are examined, a general trend is observed that should hold for other flaw shapes. Also,
the differences between applying traction or displacement boundary conditions will
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be explored. The simple relationship presented thus far for the stress concentration

Figure 4: Concentration of stress in the vertical direction due to biaxial tension. Left: An
elliptical flaw with a major axis of eight yarn and a minor axis of one yarn. Right: An elliptical
flaw rotated by 30 degrees. The ratio of the major to minor axis is 8:1, however the size of
the flaw has been increased so that yarn vertical yarn are cut across its width.

due to the presence of a circular flaw depends only on the number of yarn cut across
the width of the flaw. As the cut yarn above and below the flaw carry no load, it is
reasonable to assume that varying the height of the hole should have a minimal affect
on the resulting stress in the fabric sheet. Figure 4 shows the response due to elliptical
flaws. The overall response is similar to the one of circular flaws. In fact, the stress
concentration appears to be entirely unchanged by the shape of the hole. Rerunning
the simulation while holding the major axis of the ellipse fixed and varying the size of
the minor axis shows no effect on the size of the stress concentration. Even rotating
the flaw, as long as the width remains constant, does not change the size of the stress
concentration. The stress distribution depends only on the height and width of the
flaw projected onto the horizontal and vertical axes and no other details of the flaw’s
shape.

The buildup of stress in the yarn bordering the flaw is due to loading which cannot
be supported by the cut yarn. This leads one to investigate how the distribution of
stress would change if the boundaries of the sheet were subjected to a displacement
instead of a traction.

Figure 5 shows the equilibrium stress in fabric sheets under displacement bound-
ary conditions. The differences between the traction and displacement boundary
conditions are significant. As one would expect, no load is carried by the cut yarns.
Meanwhile, the stress in the uncut yarn is unaffected by the presence of the flaw. The
shear strain in the region between cut and uncut yarn is not resisted by the fabric
and no stress concentration is produced.

6 Conclusion. We presented a simple numerical model to determine the stress
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Figure 5: Concentration of stress in the vertical direction due to biaxial displacement of the
fabric boundaries. Left: Profile of the stress in the vertical yarn plotted along a line bisecting
the fabric sheet. Right: Stress concentration in the entire fabric sheet.

concentration and distribution due to flaws in fabric. In order to satisfy equilibrium
conditions, loads were chosen to not induce slip of the yarn. It was shown that
due to the nature of the woven fabric, the concentration of stress resulting from the
presence of a flaw does not spread out across the fabric sheet. Instead, it resides
solely in the yarn bordering the flaw causing a sharp increase (a “spike”) in the
distribution of stress. Additionally, since the flaw size was on the same length scale as
the yarn spacing, hole size effects are seen. As more and more yarn are cut, the stress
concentration factor increases as well. In order to accurately capture this behavior,
an approach that discretely models the yarn is critical. Any approach that models the
weave of the yarn as a continuum, for example a membrane approach, will cause the
stress concentration factor to approach infinity because the continuum model assumes
an infinite number of yarn have been cut. Therefore, generally speaking, a membrane
approach in which the individual yarn are not included is inadequate for determining
the stress concentrations in a fabric material. A yarn based approach is essential to
achieving realistic results.

While the size of the hole was seen to be important, the stress distribution was
shown to be relatively insensitive to the shape of the hole. As a traditional fabric
weave creates an initially orthogonal grid pattern, only the width of the flaw projected
onto the horizontal axis and the height of the flaw projected onto the vertical axis
influence the stress concentration. Finally, the stress in the fabric sheet was seen to be
extremely sensitive to the boundary conditions. While tensile loads produced large
stress concentrations, due to the unsupported loads across the hole, displacement
boundary conditions created almost no stress concentrations at all. In this case, the
fabric sheet’s increased flexibility allowed it to satisfy the boundary displacements
without increasing the stress within the sheet.
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