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/e aim of this study is to experimentally determine how the weave architecture and yarn crimp affect the measured tensile
stiffness and strength of composites containing 3D textile reinforcement. It is shown that both the stiffness and strength decrease
nonlinearly with increasing 3D crimp. /e ultimate strength of specimens containing nominally straight yarns and specimens
containing crimped yarns can differ more than a factor of 3, and the stress causing onset of damage can be affected even more.
Adding nominally straight stuffer yarns into a 3D-woven reinforcement significantly increases the fibre volume fraction, the
stiffness, and the strength of the composite. However, since the stuffer yarns are virtually straight and thus stiffer than the warp
yarns, they attract the load and reach their strength at relatively lower strain than the warp yarns. /e reinforcement architecture
varies between the surfaces and the interior of the studied textiles, which has corresponding influence on the local stiffness. /e
onset of failure is predicted satisfactorily accurate with relatively simple estimations. /e ultimate strength is a result of extensive
damage progression and thus more dubious to predict.

1. Introduction

/e current trend within aerospace and other transport
industries is to increase the use of carbon fibre-reinforced
composite materials to facilitate lower structural weight,
better fuel economy, and lower emissions. /e introduction
of composite materials brings about not only several po-
tential benefits but also a number of challenges. Composite
materials are anisotropic and nonhomogeneous, and a
common failure mode for two dimensionally (2D) laminated
composites is delamination, associated with their relatively
poor out-of-plane strength. Various three-dimensional (3D)
textile reinforcements that partly suppress this problem have
been developed, such as braiding, noobing [1, 2] (also re-
ferred to as 3D orthogonal weaves), 3D weaving [3], and
different forms of 2D-woven 3D fabrics such as layer-to-
layer and through-thickness angle interlock weaves. In this
work, special attention is given to 3D weaving and noobing,
according to the definitions set forth by Khokar [3].

/e benefits with 3D-reinforced textile composites in
comparison with their 2D counterparts are primarily im-
provements of out-of-plane properties, both in tension and in
shear [4]. 3D weaving also enables net-shape manufacturing
of complex 3D preforms directly from yarns, which could also
reduce material waste substantially. Such preforms could be
put in moulds for immediate impregnation into finished
composite profiles, while using conventional 2D textiles
would typically require stacking, preforming and bonding,
and stapling or stitching before moulding.

/ere are however also drawbacks with the use of 3D
textile reinforcements. /e weaving process (for woven
textiles) and the mere presence of through-thickness fibres
(nonwovens) cause undulation of the in-plane fibres. /is
yarn crimp has a negative influence on both the stiffness and
strength of the composite materials. Another drawback is the
lack of knowledge and experience with these new materials
and associated challenges to predict and express their ma-
terial properties [5].
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In this study, the stiffness and strength of 3D-reinforced
composite materials with varying warp yarn crimp and
different weave architectures are investigated experimentally
and compared. /e aims are as follows:

(i) To determine how (3D) yarn crimp affects the
stiffness and the strength

(ii) To evaluate the difference in stiffness due to local
architecture (since the local architecture in the in-
terior and at the surfaces of the preforms differs)

(iii) To evaluate the stiffness and strength of composites
reinforced with noobed fabrics (containing non-
interlaced yarns in three perpendicular directions)
and with 3D weaves containing stuffer yarns
(noninterlaced, straight yarns in the warp direction)

/e stiffness of 3D-reinforced composites has been fairly
extensively studied both experimentally, e.g., [6–9], and
through various models, e.g., [10–14]. /e strength of
composites reinforced with noobed and 2D-woven 3D
fabrics has been studied in [7, 15–23], and composites
containing 3D-woven reinforcement were also studied in
[4, 13].

2. Experiments

/e specimens used for ultimate strength testing in this study
were previously used for nondestructive stiffness measure-
ments [13, 24]. A plain 3D-woven reinforcement pattern was
used, principally illustrated in where also representative
volume elements (RVE) of the textile architecture are
outlined.

/e warp consisted of 8× 8 Torayca T700 12k yarns and
the weft of Toho Tenax HTA40 E13 6k yarns. For a more
detailed description of the plain 3D weave and its internal
geometry, the reader is referred to the study in [25]. All
composite specimens were manufactured using vacuum-
assisted resin infusion in a rigid closed mould, using
Dion 9500 vinyl ester.

Specimens with different warp crimp were produced by
varying the weft density in three different ways in the 3D-
woven reinforcement. /e intermediate weft density was
used as reference for the entire test series and was thus
labelled baseline (B). Reinforcement preforms with lower
and higher crimp were labelled sparse (S) and dense (D),
respectively. /e global fibre volume fraction vf was kept
constant for the different composite specimens, regardless of
the crimp, by adjusting the cross section area of the mould
cavity to the preform fibre content. Here crimp is defined as
the physical length of the yarn along its path, Ly, over the
corresponding wavelength λ, as follows:

crimp �
Ly

λ
. (1)

To investigate if any cross section size effects occurred,
two thinner versions of the baseline weave type were also
produced, containing only 6× 6 and 4× 4 warp yarns. /ese
specimens were correspondingly labelled 6× 6B and 4× 4B,
respectively.

In addition, specimens reinforced with plain 3D
weaves with incorporated stuffer yarns and with noobed 3D
reinforcement were manufactured for comparison. /e
textile preforms were produced with the same loom settings
and thus the same weft density, as the baseline configuration.

/e 3D-woven preforms containing stuffer yarns are
labelled BS. Nominally straight Torayca T700 12k stuffer
yarns were inserted in the pockets between the warp yarns in
the plain 3D weave, visible in the upper right illustration in
Figure 1. /e yarn content was significantly increased by the
presence of the stuffer yarns, and hence vf was considerably
higher for the BS than for the B specimens.

/e specimens with noobed 3D reinforcement are la-
belled BN. /e noobed textile geometry also contains yarns
in three mutually perpendicular directions, but the yarns are
not interlaced within the interior representative volume
element (RVE) (Figure 2). As a consequence, all yarns in the
principal (x) direction are nominally straight.

For all specimens, regardless of type, the textile archi-
tecture at the surfaces differs from the interior RVEs, as seen
in Figures 1 and 2.

With the exception of reinforcement type D, the yarn
packing and thus the fibre volume fraction were slightly
higher in the interior RVEs than at the surfaces, for all
specimens containing 3D textile reinforcements. /e dif-
ference was most pronounced for the noobed specimens,
associated with the compact noobed fabric architecture. On
the contrary, all textile reinforcements had a larger share of
yarns oriented in the principal (x) direction at the surfaces
since the wefts are traversing a short distance between every
pick (Figures 1 and 2).

All specimens had square cross sections, which is not
ideal for strength testing since the available area for griping
is small in comparison to the cross section area and, as a
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Figure 1: A plain 3D weave, comprising warp, horizontal H, weft
and vertical V weft, depicted along its three principal axes and in an
isometric view. Surface and interior RVEs of the weave architecture
are also outlined.

2 Advances in Materials Science and Engineering



consequence, the load required to break the material. All
specimens were therefore milled down to a dog-bone shape,
as illustrated in Figure 3, in order to reduce the tested cross
section area and enable strength testing./e intention was to
mill off only the surface unit cells in order to obtain stiffness
and strength data for the interior RVEs.

X-ray computed tomography (CT) images of the spec-
imen cross sections were used to estimate the average
thickness of the surface (RVE) layers. Based on such esti-
mates, 1.3mm was milled off from each side of the speci-
mens. As can be seen in Figure 4, the reinforcement was not
perfectly centered and evenly distributed over the specimen
cross sections, which made the elimination of the surface
RVEs somewhat approximate. /e letter M in the type name
indicates that specimens were milled, in the sense that a
pristine baseline 8× 8 warp specimen (8× 8B) would be
denoted 6× 6BM after milling.

Analysis of CTand microscopy images also revealed that
the warp layers in the 3D-woven reinforcement were not
distinctly separated into plies that easily could be removed,
but rather mixed. /e packing of the textile reinforcement is
in fact higher than that outlined in Figure 1, and a more
representative illustration is provided in Figure 5.

/e milling operation might thus not only remove the
outermost layer of warp yarns but also damage underlaying
yarns in the second warp layer. Such damage is likely to have
a greater impact on the strength than on the stiffness since it
does not affect the fibre volume fraction much, but it chops
up the warp yarns near the surfaces.

/e Young modulus prior to milling (pristine speci-
mens) was first measured. /en, the Young modulus of the
milled samples (intended to contain only interior RVEs) was
also measured. Using these results, the stiffness of the surface
unit cells (Esurf ) could be evaluated as

Esurf �
E− vintEint

1− vint( 
, (2)

where E is the Young modulus of the pristine specimens, vint
is the volume fraction of interior RVEs, and Eint is the
modulus of the milled specimens.

General information about the weave types and the
number of specimens of each category is presented in Ta-
ble 1. Note that stiffness measurements were performed both
prior to and after milling, while only milled specimens were
used for strength testing. /e fibre volume fraction of all
tested specimens was either measured or estimated from the
fibre content and the dimensions of the RVEs.

Various gripping and load introduction arrangements
were designed and evaluated in a previous study [26], such as
epoxy cast edges and different combinations of pins,
grooves, teeth, tabs, and wedges. In spite of considerable
efforts, plain tensile testing with standard machine grippings
turned out to work best.

50mm

~10mm
1.3mm

200mm

Figure 3: Principal geometry of the milled dog-bone test
specimens.

Milled
surface

Glass fibre
strands

1.3mm

Figure 4: A CTscan image of an 8× 8B specimen cross section./e
dashed lines indicate the reduction of the cross-sectional area from
milling. (Some glass fibre strands were integrated in the CT
specimens, for other visualisation purposes. No glass was present in
the tested specimens).
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Figure 2: A noobed fabric seen from its three principal planes and
in an isometric view. Surface and interior RVEs are also outlined.
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Figure 5: True packing of the 3D-woven reinforcement, illustrating
the presence of partial overlap between warp layers.
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All tests were conducted at room temperature and at a
constant displacement rate of 2mm/min in a 100 kN Instron
universal test machine equipped with a 100 kN load cell.
Strains were measured using both a 50mm strain gauge and
a digital image correlation (DIC) system.With the exception
for the geometry of the test specimens, the procedure fol-
lowed the ASTM D3039 [27] test standard.

3. Strength Estimates

/e stress vs. strain response of composites containing woven
reinforcement often shows a pronounced nonlinear behavior
prior to ultimate stress. /e phenomenon was denoted a
plastic tow straightening by Cox et al. [15] and could be
regarded as an onset of failure, characterised by plastic
softening of the material. In this work, an impregnated tow is
referred to as a strand, and the phenomenon believed to be
associated with initiation of matrix cracks within the strands
caused by shear stresses [15]. /e type of softening was ob-
served previously in [4] for composites containing 2D and 3D
weaves, and in works by [7, 15, 16] similar testing was
performed on composites containing noobed and 3D in-
terlock weaves.

Cox et al. [15] proposed an expression for estimating the
tensile stress level at which plastic tow straightening initiates,
assuming small yarn undulations. In the following, similar
relations are derived but without any restrictions on the
crimp angles. It is assumed that the tensile load is carried
entirely by the strands in the warp direction. Letting x
represent the nominal warp direction and assuming a tensile
force Fx acting in that direction, the following relation is
obtained:

Fx � σa
xAtot ≈ σ

s
xA

s
warp, (3)

where σa
x is the average stress and σs

x is the stress inside the
warp strands. /e total cross-sectional area of the warp
strands, projected on the yz plane, is denotedAs

warp while the
corresponding projection of the total cross-sectional area of
the RVE is denoted Atot. Cox et al. [15] suggested that the

onset of plastic straightening initiates when the warp strands
fail in shear. /e shear stress in the strands, induced by the
tensile stress σs

x, is given in a local 1–2 coordinate system by

τs
12


 � sin θ cos θ σs

x, (4)

where the 1 axis coincides with the local warp yarn orien-
tation and θ is the mean warp offset angle between the local 1
and the global x axis. /e onset stress for plastic tow
straightening is then obtained by combining eqs. (3) and (4)
and replacing the shear stress with the shear strength of the
strand τs

12:

σonsetx ≈
τs
12

cos θ sin θ
As
warp

Atot
. (5)

Shear strength values τs
12 ranging between 62MPa and

80MPa have been reported for carbon fibre-reinforced
plastic (CFRP) laminates [15, 28, 29]. Here, a mean value
(72MPa) was assumed based on the fibre volume frac-
tion within the strands vs

f being similar to the reported fibre
volume fractions in [15, 28, 29]. /e strand cross-sectional
area As

warp was obtained from [13]. /e remaining input is
listed in Table 1, where the mean angle θwith respect to the x
direction is estimated assuming a helical warp strand tra-
jectory [13].

4. Results and Discussion

4.1. Stiffness Measurements. /e stiffness was measured for
all specimens, first before milling, with specimens con-
taining interior and surface RVEs, and then after the surface
layers had been milled off, leaving only interior RVEs in the
specimens (only interior RVEs). /e results from the model
of the warp yarn crimp are presented in Figure 6, where the
crimp values originate from [13] for all specimens con-
taining plain 3D weave. /e noobed reinforcement is
considered straight (crimp� 1), although there was likely
minor yarn undulation in the specimens [30].

/e stiffness of the surface RVEs was then estimated for
each reinforcement type using eq. (2) and the two measured
stiffnesses for pristine and milled specimens. /e fraction of
interior RVEs vint was estimated as the ratio between the
interior and the total number of warp yarns, i.e., 36/64 for
8× 8 specimens and 16/36 for 6× 6 specimens. /e results
are presented in Table 2.

/e stiffness of the interior RVE does not vary with the
cross section area of the tested specimens for cases where
they can be compared, i.e., B and BN. /e difference in
stiffness between the surface and interior unit cells varies
with the weft density. /e surface stiffness appears to be
higher for the S specimens and lower for the D specimens
and somewhere in between for the baseline case (B). /e
surface stiffness variation thus follows the interior stiffness
variation, but the relative change is lower, making the
surface stiffer than the interior for the D specimens and vice
versa for the S specimens, whereas the surface and interior
stiffness is relatively similar for the B case. For the specimens
containing noobed reinforcement (BN), neither the interior
nor the surface stiffness varies with the cross-sectional area,

Table 1: Test specimen data, including warp yarn crimps, fibre
volume fractions, and mean warp offset angles.

Textile type Plain 3D woven Noobed 3D woven
with stuffer

Name S B D BN BS
Mean warp crimp 1.012 1.025 1.055 1 1.031∗
vf 0.43 0.42 0.42 0.44 0.57
vf (interior RVE) 0.45 0.45 0.42 0.50 0.59
θ (deg)∗∗ 8.8 12.8 18.6 ≈0 —
8× 8 2 4 3 2 2
6× 6M 2 (1) 4 (3) 3 (3) 2 (1) 2 (1)
6× 6 — 4 — 2 —
4× 4M — 4 (2) — 2 (2) —
4× 4 — 2 — — —
/e number of test specimens for each configuration is presented in the
lower half of the table, where numbers within brackets indicate the number
of specimens that eventually were tested to tensile failure. ∗BS also contains
stuffer yarns with crimp ≈1. ∗∗Average warp angle with respect to the x
direction.
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and due to their lower crimp, they are consistently stiffer
than the specimens containing woven reinforcement. /e
interior stiffness is higher, and the surface stiffness appears
to be similar to that of corresponding specimens with woven
reinforcement. /e specimens containing 3D-woven re-
inforcement and stuffer yarns (BS) show the highest interior
stiffness, which seems sensible since these specimens are also
extreme in terms of yarn content in the warp (x) direction.

No obvious reason for the somewhat low stiffness results
achieved from the tests of the B8× 8 specimens was ob-
served. It is possible that the B6× 6M results are mis-
leadingly high, given the relatively high standard deviation.
A higher stiffness for B8× 8 or a lower stiffness for B6× 6M
would result in a higher estimated surface stiffness for B8× 8,
which would be more consistent with the results from the
other configurations.

Denser weave packing actually causes more void in the
textile architecture and thus more matrix material and a
lower fibre volume fraction in the interior RVEs of the
impregnated composite specimens. Since the overall fibre
volume fraction is kept similar for the S, B, and D specimens,
the fibre volume fraction in the surface layers increases with
the weave density. /at is not accounted for in the estimates
of the stiffness of the surface layers, which might also

contribute to the minor inconsistencies in the stiffness
results.

4.2. Strength Measurements. /e plain 3D weave specimens
all exhibit nonlinear stress vs. strain curves typical for plastic
tow straightening. Estimates of when the onset of plastic tow
straightening occurs were made using equation (5). A stress-
strain curve for a milled baseline specimen (BM) is presented
in Figure 7, together with the corresponding estimate. A
straight line indicating the stiffness is also included in the
graph. All results are summarised in Table 3.

As can be seen, there is good agreement for the SM and
the BM reinforcements, while for the most heavily crimped
sample (DM), there is a significant difference. Both the
experimental results in Table 3 and eq. (5) indicate that the
increasing crimp (and correspondingly increasing warp yarn
offset angle θ) decreases the stress at which the onset of
plastic tow straightening occurs.

For the noobed BNM specimens with nominally straight
reinforcement, the stress-strain curves are essentially linear
until failure, as illustrated in Figure 8.

/e BS reinforcement contains both warp and stuffers in
the direction (x) of the applied load. /e warp has similar

Table 2: /e Young moduli (GPa), measured and estimated from equation (2).

Textile type Plain 3D woven Noobed 3D woven with stuffer
Name Warp S B D BN BS

Measured, pristine (S + I)
8× 8 68.5± 0.4 53.0± 1.6 36.4± 2.8 71.5± 0.7 79.2± 6.7
6× 6 — 57.5± 1.3 — 67.8± 1.5 —
4× 4 — 57.7± 0.1 — — —

Measured, milled (I) 6× 6M 74.6± 0.3 58.8± 5.1 31.9± 2.2 90.5± 2.4 96.4
4× 4M — 58.9± 2.5 — 91.2± 2.4 —

Estimated (S) 8× 8 60.7 45.6 42.2 47.1 57.1
6× 6 — 56.4 — 49.1 —
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Figure 6: /e Young modulus of composite specimens containing 3D-woven and noobed reinforcement. Results from both pristine (I + S)
and milled (I) specimens are presented.
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crimp as the warp in the type B reinforcement, while the
stuffers running in parallel are virtually straight. /e stuffers
are therefore in effect stiffer and tend to carry a considerably
larger share of the applied load than the warp. /ey are also
expected to fail at lower applied tensile strain than the warp
since they are entirely aligned with the loading direction. As

a consequence, the BS specimens are expected to show a
sequential tensile failure where the load is initially carried
predominantly by the stuffers and then gradually transferred
to the warp, when the stuffers start to fail. /is transition is
also supported by experimental results as seen in Figure 8.
/e plastic tow straightening effect appears to be suppressed,
which might be explained by the stuffers carrying the main
part of the applied load. Eventually, the stress-strain curve
shows a clear shift at about 70% of the ultimate stress, when
cracking sounds were also recorded during testing. It is
believed that the shift and the cracking sounds were asso-
ciated with tensile failure of the stuffer yarns.

/e ultimate strength for the only BSM specimen that was
tested to tensile failure (Figure 8) was 1032MPa, which is 53%
higher than the average strength for corresponding specimens
without stuffer yarns (BM). /e relative difference in onset of
damage was even greater and happened at approximately 3
times higher stress. /is seems reasonable considering that
the BS reinforcement contains additional yarns in the warp
direction and also has a higher fibre volume fraction com-
pared to the B reinforcement. /e ultimate strength for the
BNM specimens was however yet higher, 1371MPa in av-
erage, in spite of lower fibre content in the warp direction and
lower fibre volume fraction than the BSM specimens. /is is
also considered reasonable since all of the noobed re-
inforcement is straight and aligned, which generates a more
even stress distribution in the material.

/e ultimate strength as function of crimp for specimen
types SM, BM, DM, and BNM is presented in Figure 9, where
yarn crimp� 1 is assumed for the BNM specimens. No sig-
nificant difference in strength was observed for the 6× 6M and
4× 4M specimens for neither of the B and BN reinforcements,
and all results are thus presented together for the two re-
inforcement types, respectively. /e overall trend is that the
strength decreases with increasing crimp, in a similar fashion
as the stiffness, previously presented in Figure 6.

/e strain at ultimate failure of the specimens containing
3D-woven reinforcement is high, which is in agreement with
test results for other composites containing 3D re-
inforcement found in the literature [15, 20]. /ese strain
levels should however not be quoted when referring to the
strength of the materials since damage initiates at much
lower strains. /e BNM specimens show more moderate
strains to failure due to their noobed reinforcement being
straight and aligned with the tensile load.

Due to the progressive damage, the ultimate strength of
the specimens with woven reinforcement is dubious to
predict using established failure criteria. It was noted in this
work that failure according to, for example, the Tsai-Hill
criterion provides almost identical predictions as the ex-
pression for plastic tow straightening in equation (5),
which are far below measured values of the ultimate
strength. /is is reasonable since the shear strength within
the strands dominate the Tsai-Hill criterion for the present
load case. If, on the contrary, it is assumed that the ultimate
strength is solely dependent on the longitudinal fibre
strength, then the overall strength is significantly over-
estimated. Cox et al. [16] also stressed the difficulty to
predict the ultimate strength of textile composites,
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Figure 8: /e principal stress vs. strain response of specimens with
noobed (BNM) reinforcement and 3D-woven reinforcement with
stuffer yarns (BSM). /e principal response of a specimen rein-
forced with a plain 3D weave (BM) is added for comparison. /e
curves are valid for interior RVEs since all specimens were milled.
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Figure 7: Experimental stress-strain curve of a milled baseline
specimen (BM) with the predicted onset of plastic tow straight-
ening (circle) and the initial stiffness (thin straight line) indicated.

Table 3: Experimentally determined and estimated stress levels
where the onset of plastic tow straightening occurs.

Name SM BM DM
Estimated value (MPa) 347 228 144
Experimental value (MPa) ≈370 200–260 ≈100
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attributing the discrepancies between predictions and ex-
perimental data to yarn damage from weaving, and local
misalignment of the strands that could be caused both
during weaving and impregnation. Regardless of yarn
damage and misalignment, more accurate predictions of
the ultimate strength likely require elaborate models of the
progressive damage observed in this study.

5. Conclusions

Both the stiffness and the ultimate strength of composite
materials containing 3D textile reinforcement decrease
substantially with increasing yarn crimp. In particular,
three-dimensional warp yarn crimp has a great influence on
the tensile strength of composites containing 3D-woven
reinforcement. /e ultimate strength of specimens con-
taining noobed reinforcement (BNM) and the most heavily
crimped 3D-woven reinforcement (DM) differed more than
a factor of 3, and the onset of damage differed even more.

As a consequence, there is no reason to use more
through-thickness reinforcement in 3D textiles than nec-
essary (from requirements on out-of-plane stiffness and
strength), since the higher crimp associated with a denser
weave pattern is so detrimental to the in-plane properties.
One should also consider use of more favourable weave
patterns to limit the overall crimp. /ere is thus no point in
using 3D reinforcement where it is not needed to provide
interlacement and avoid delaminations. /e 3D-weaving
technique permits a mix of 2D and 3D reinforcement
within the same preform, so areas that are primarily sub-
jected to in-plane loading could contain 2D reinforcement
only.

For the reinforcement studied in this work, the archi-
tecture varied between the surfaces and the interior of the
textile preforms, which was shown to generate corre-
sponding stiffness variations in the composite materials.

/e strain at ultimate load of composites containing
plain 3D-woven reinforcement is high but should be

considered with caution since shear cracks in the warp
strands start to initiate at much lower strain levels, and from
then on, the stress-strain response is clearly nonlinear and
associated with damage growth.

Including nominally straight stuffer yarns in the 3D
weave increases not only the overall fibre content but also the
fibre volume fraction, due to more efficient yarn packing in
the textiles. /e presence of stuffer yarns appears to suppress
the initiation of shear cracks in the warp. Specimens with
3D-woven reinforcement, including stuffer yarns, started to
fail at considerably higher stress and strain levels than
corresponding specimens without stuffers. When they
eventually started to fail, they lost their linear stress-strain
response, in a similar fashion than their counterparts
without stuffers.
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