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ABSTRACT
Compaction behavior of textiles has a major influence on the outcome of various manufac-
turing processes for fiber reinforced polymer composites. Nevertheless, no standard exists
up to date which specifies test methods or test rigs. A recent international benchmark
revealed high variation associated with the result data. This work is a very first step toward
a reference specimen, allowing for an isolated view on variations attributed to the test rig
mechanics. A specimen design is proposed, intended to show compaction characteristics
similar to technical textiles in terms of transverse compaction pressure and corresponding
displacement. The reference specimen was tested in a round-robin study comprising test
rigs at four different European research institutions. While reproducibility of the compaction
behavior on each of the test rigs was high, clear variations between the results gained with
different test rigs were observed.
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Introduction

Compaction response of fiber structures is of interest
when it comes to designing manufacturing processes
for fiber reinforced polymer composites. This is espe-
cially true for Liquid Composite Molding processes,
such as vacuum infusion, where manually, machine or
fluid pressure induced compaction takes place during
preforming (dry) and impregnation (dry and wet). To
determine the compaction response, tests on universal
testing machines (UTM) are typically performed. The
sample is compressed under defined boundary condi-
tions (compaction velocity, holding and relaxation
time), with compaction pressure required to reach a
predefined sample thickness recorded. There is no
standard, neither for the test rig nor for the test
method. UTMs are normally calibrated on a regular

base and therefore offer high accuracy. Nevertheless,
variations can result from the exact setup as shown e.g.
by [1]. A recently conducted benchmark study revealed
significant differences between the results gained at
different research sites, even though the basic test
method and sample lay-up were pre-defined [2]. To
minimize variation, the specific sources need to be
identified. Material- and sensor-inherent statistical var-
iations must be distinguished from systematic devia-
tions caused e.g. by the mechanical setting of the setup.
At this point, reference specimens become relevant, as
they allow an isolation of systematic effects, if they
meet requirements such as consistency concerning the
characteristics of interest, robustness against varying
environmental conditions, and a high similarity of
characteristics to ‘real’ samples. In fiber materials with
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dual-scale porosity, such as woven or non-crimp fab-
rics, effects such as yarn bending, straightening, com-
pression, and deformation as well as nesting effects
interact, leading to non-linear elastic or even elasto-
visco-plastic behavior [3]. To the authors’ best know-
ledge, no reference specimen aiming to imitate this
behavior has been suggested so far. This article
presents a preliminary design for such a reference spe-
cimen, as well as a round-robin study to evaluate its
functionality.

Experimentation

A single reference specimen (Figure 1) was manu-
factured, which was subsequently tested at four dif-
ferent research institutions. This way complexity is
reduced by excluding the effect of manufacturing
induced-variations. However, the design is also kept
simple with the intention to minimize manufactur-
ing-induced effects and thereby allowing decentral-
ized benchmarking with individually build systems
in the future. The target was to imitate the modulus
of a conventional technical textile, while in this first
attempt neglecting effects, such as time-dependency.
As a reference the behavior of the woven fabric in
the international benchmark study was considered
[2]. The specimen provides a top and a bottom plate
with three screw springs (Meusburger E1546/
32� 44, nominal stiffness 1300N/mm). Adaption to
other material types which show strongly differing
behavior could be managed by changing the springs.
The top plate rests on the springs (contact zones
slightly lubricated) and is free in its vertical

movement, while horizontal movements are con-
strained by the pins (slightly lubricated). The total
uncompacted height is 68mm, the overall diameter
is 100mm.

Two test series were performed on the same ref-
erence specimen, using each research institutions
respective test rig. In a first test series, the specimen
is compacted at 1mm/min up to a maximum force
of 1 kN. The position at which maximum force is
first reached is then held for 120 s and subsequently
de-compaction follows with 1mm/min. The second
test series is largely identical, but the maximum
force is 20 kN. Each series comprises five repeat
tests (10 at MUL).

Test rigs similar to those used for testing of tech-
nical textiles were applied, without methods such as
digital image correlation, as this is not common. All
rigs are based on a UTM (IVW – Zwick 1485, MUL
– UTS EuroTest 250, NCC – Zwick 1478, UoN –
Instron 5969), where the sample is compacted
between two plates, capturing (a) the force required
to move these plates by means of load cells and (b)
the relative position of the plates. The test rigs of
MUL and UoN provide linear variable differential
transformers directly measuring the distance
between the plates. At IVW and NCC the crosshead
position is used for the calculation of the specimen
thickness. To account for inherent deformation,
blind tests are performed before each test series,
that is, the compaction plates are pressed on each
other without a sample in between. The correspond-
ing blind curves indicate the force-dependent error
in crosshead position measurement and are used to

Figure 1. Technical drawing and picture of the specimen.
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correct the displacement measurement in the tests
with the specimen.

Results

The general compaction behavior of the specimen
can be seen by the exemplary diagrams in Figure 2.
The diagrams show examples for the results from
the 20 kN tests.

The non-linear relation between the compaction
force and the thickness reduction, which is observed
up to 1 kN compaction force, is assumed to be
spring-inherent. Above 1 kN, the correlation is lin-
ear. During the holding time, slight relaxation can
be observed, potentially indicating mechanical set-
ting in the contact zones between springs and plates.
The slight hysteresis is a direct result of the relax-
ation. Non-linearity and relaxation do not affect the
usability of the specimen as long as the behavior is
reproducible.

To evaluate reproducibility, three values are con-
sidered for each test rig. The variation of the speci-
men compaction length (deviation from initial,
uncompacted height) when the maximum force of

1 kN or 20 kN is reached, as well as the force meas-
ured at a compaction of 3mm.

Table 1 shows the corresponding arithmetic aver-
age and coefficient of variation (cv) out of the five
repetition tests. Reproducibility is very high for all
test rigs, not only for the listed data points but also
for the non-linear and relaxation effects. The same
values allow evaluation of the comparability among
the different test rigs, by calculating the overall cv
between the participants average values (Table 1,
last line). The variations between the results from
the different test rigs are higher than the variations
between the repetition tests on the single test rigs.
Figure 3 shows all force vs. compaction curves
measured with the different test rigs (only compac-
tion, no de-compaction) and also clearly shows the
differences. This indicates variations induced by the
test rigs and the method. A potential source might
be given by the different position measurement
methods. Naturally, further research will have to
reliable exclude the possibility that aging of the spe-
cimen, planarity of the specimen surface, clamping/
positioning of the specimen are an issue in
this context.

Example for a test with 20kN max. force
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Figure 2. Exemplary compaction response of the specimen.
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Conclusions

The reference specimen roughly suits the modulus
of typical technical textiles and shows high reprodu-
cibility. Further studies will have to deal with ques-
tions of time-dependency of the specimen
characteristics. Also, a possible re-design will have
to face the challenge to imitate the sensitivity of tex-
tile stacks to compaction between plates with devia-
tions from plane-parallelism.

Acknowledgement

We also thank Florian Sch€uller (MUL) as well as Dmitry
Ivanov and Arjun Radhakrishnan from University of Bristol.

Funding

The work performed at MUL has been elaborated in the
project ‘MoVeTech’, financed through the Austrian
Ministry for Transport, Innovation and Technology in the
frame of the program ‘Take Off’. The work performed at
NCC has been developed in the Large Scale Resin

Infusion (LSRI) project, financed through UKRI
(Innovate UK) as part of the ‘HiStruct’ project.

ORCID

David May http://orcid.org/0000-0002-5379-3708
Ewald Fauster http://orcid.org/0000-0002-5838-6765

References

[1] Sousa P, Ivens J, Lomov SV. Methodology Of Dry
And Wet Compressibility Measurement. 14th
International Conference on Flow Processes in
Composite Materials (FPCM); 2018 May 30–June
1; Lulea, Sweden.

[2] May D, Aktas A, Yong A. International benchmark
exercises on textile permeability and compressibility
characterization. 18th European Conference on
Composite Materials; June 25–28; Athens, Greece,
2018.

[3] Bickerton S, Buntain M, Somashekar A. The visco-
elastic compression behavior of liquid composite
molding preforms. Compos A Appl Sci Manuf.
2003;34:431–444.

Table 1. Reproducibility considerations for the specimen.

Participant

Compaction at 1 kN Compaction at 20 kN Force at 3mm compaction

Avg. in mm cv in % Avg. in mm cv in % Avg. in kN cv in %

IVW 0.63 1.91 5.38 0.28 10371.45 0.61
MUL 0.49 0.07 5.32 0.06 10522.28 0.07
NCC 0.55 0.32 5.23 0.04 10693.00 0.19
UoN 0.57 0.28 5.37 0.06 10250.58 0.00
Total Avg. 0.56 5.33 10459.33
cv in % 8.93 1.10 1.58

Figure 3. Comparison of the force vs. compaction curves (max. force: 20 kN) measured with the different test rigs.
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