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Abstract

An original experimental method is proposed to characterize the influence of matrix damage on the compressive strength
of laminated composites in the fiber direction using tubes. These composite tubes have a dumbbell-shaped geometry so
that rupture occurs in the specimen center without stress concentration. They can be constituted of unidirectional or woven
plies aligned with the axial direction. First, a torsional cyclic load is applied in order to damage the matrix. This damage is
measured at the tube scale via the reduction in shear modulus. Second, a compressive load is applied up to failure for various
damage levels.

The method is applied to a woven carbon/epoxy material. Results show that the matrix damage affects significantly the
compressive strength in the fiber direction. It is yet observed that longitudinal stiffness is not modified by damage. Finally, a
simple model is proposed to describe this decrease of strength vs. matrix damage.

Keywords: A. Polymer-matrix composites (PMCs), B. Strength, C. Damage mechanics, D. Mechanical testing

1. Introduction

One of the main issues in engineering design of compos-
ites is the prediction of failure. In the case of composites, the
mechanisms of collapse are manifold [1]. For many years,
the introduction of damage mechanics has made it possible
to successfully describe the progressive failure of the matrix
especially observed in the case of fatigue loads [2–4]. Ma-
trix damage is associated with the growth of micro-cracks
in the resin and the development of fibre/matrix debonds
and transverse cracks. This leads to the decrease in the stiff-
ness in transverse and shear directions at the ply scale. A
matrix damage variable d is generally introduced to quan-
tify this stiffness reduction. Most of the time, these cracks
do not lead to the global failure of the laminates. Contrar-
ily, the failure of fibers generates a sudden and catastrophic
collapse of the laminates.

Even if the growth of damage does not directly cause the
failure of the laminate, it can significantly affect the strength
of the ply in the fiber direction. Indeed, in a previous work
it was experimentally measured that matrix damage causes
a drop in the tensile strength [4, 5]. This work was per-
formed on tubes made of Glass/Epoxy unbalanced woven
plies. First, a torsion cyclic loading was applied to gener-
ate matrix damage. Then, tensile tests were performed to
measure the tensile strength. These tests show that the final
strength can be equal to the third of the initial strength when
damage is high [4, 5]. The model proposed by Hochard et al.
[4] is that the strength evolves sharply between two values
according to a damage threshold value (d ¦ 0.8).

In a similar way, the aim of this paper is to study the effect
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of matrix damage on compressive strength in the fiber di-
rection for laminated composites. Interesting work by Gib-
son et al. [6] shows that the progressive increase in temper-
ature of a glass/polypropylene composite leads to the pro-
gressive reduction in compressive strength in the fiber di-
rection. This behavior is directly linked to the drop in matrix
modulus. Since matrix damage increase has a similar effect
on this modulus, we can imagine that this increase will also
lead to the decrease in compressive strength in the fiber di-
rection. These authors also observed that when the matrix
is completely burned, the failure in compression of the com-
posite in the fiber direction is obtained for an extremely low
stress.

Micro-models give interesting pieces of information
about the effect of damage on compressive strength. Rosen
[7] has postulated that elastic micro-buckling of the fibers
was responsible for the collapse of the ply. This model gives
an analytic solution for the compressive strength (see the list
of nomenclatures for the symbol definitions):

σc =
Gm

1−ν f
≈G12 (1)

This equation shows that the most significant parameter
in compressive failure is not linked to the fibers but is linked
to the stiffness of the matrix. On the other hand, it is well
known in damage mechanics [1] that the actual modulus is
proportional to the matrix damage, which means that:

G12(d ) =G 0
12(1−d ) (2)

By coupling the equations above, it is shown analytically
that the compressive strength is proportionally affected by
the matrix damage as follows:

σc (d ) =G 0
12(1−d ) (3)

Preprint submitted to Composite Part A : Applied Science and Manufacturing February 15, 2019



Nomenclature
d Matrix damage -
E11 Longitudinal modulus of the

ply
MPa

G12 Shear modulus of the ply MPa
Gm Shear modulus of the matrix MPa
α Non linear parameter -
ε Longitudinal strain %
σ Longitudinal stress MPa
ν f Fiber volume fraction -

Subscript
c Compression
t Tension

Superscript
d = 0 Undamaged material
d Damaged material

Rosen’s model gives an interesting result but the predicted
value is not in good agreement with experiments. Many
other models have then been developed to improve this pre-
diction by considering the failure as a plastic instability gen-
erating a kink-band [8–11]. These models are able to take
into account an increasing number of physical phenomena
and geometrical defects, e.g., plasticity, matrix damage, fiber
misalignment, etc. In particular, Kulkarni et al. [12] and Steif
[13]have investigate the influence of the lack of perfect bond
between fibre and matrix. Kulkarni et al. show theoretically
the large degrading influence of the interface condition on
the compressive strength. On the other hand, the experi-
mental validation of these models remains complex because
of the difference in scale between the micro models and the
experiments (generally at the meso scale). In any case, liter-
ature on micro models shows that the state of the matrix is
essential in the prediction of the compressive strength.

In this paper, experimental research is proposed in or-
der to quantify the effect of matrix damage on compres-
sive strength for carbon fiber reinforced plastics (CFRP) in
the fiber direction. First, the choice of the proposed exper-
imental method will be explained. This method must be
able to impose a certain level of damage and to apply com-
pression in the fiber direction up to failure. Then, the ex-
perimental setup will be described. Experimental results on
undamaged and damaged specimens will be presented and
analyzed. Finally, a simple model adapted to an engineer
approach is proposed. This model linked the compressive
strength to the matrix damage state at the meso scale.

2. Experimental method

2.1. Choice of the experimental method

The aim of this work is to study the influence of transverse
damage on the compressive behavior in the fiber direction
for laminate composites. To address this problem, it is nec-
essary to propose an experimental method that would make
it possible to damage the matrix as well as achieve compres-
sion in the fiber direction. Two approaches are possible:
one consisting in providing one single experimental setup
for both steps and the other consisting in providing one ex-
perimental setup for each step.

The compression tests are particularly complex to per-
form in comparison with tensile tests because of the risk
of specimen buckling. The classical compression test, also
called Celanese test, is also known for its defects. The re-
sults generally highlight low ultimate compressive strain and

exhibit high variability mainly because of specimen buck-
ling and large stress concentration at the tabs [14, 15]. Many
modified compression tests have been proposed to over-
come these defects [6, 16–18]. Despite these improvements,
these tests seemed unfavorable for a detailed study of the in-
fluence of damage on the ultimate compressive strain.

The other experimental method to study the behavior in
compression of laminate composites is the bending test.
There are many types of bending tests: classical bending
tests with three points [11] or four points [19–21], or more
exotic tests like pure bending tests [15, 22] and constrained
buckling tests [23]. Conventional bending tests generally
give higher ultimate compressive strain values. However
they show two difficulties: the computation of the stress
field requires a complex inverse problem due to the large
displacements and the stress concentrations introduced at
the support points can lead to premature failure of the spec-
imen. Montagnier et al. [15] and then Bois et al. [22] pro-
posed a pure bending test with a dumbbell-shaped speci-
men in order to circumvent these difficulties. In this case,
the bending moment value is perfectly known without as-
sumption, which simplifies the computation of the stress
field. In addition, the dumbbell-shaped geometry allows the
rupture to be located in the center of the specimen without
stress concentration. Finally, Wisnom et al. [23] proposed
a constrained buckling test that also achieves very high ul-
timate compressive strain. Note further that bending tests
involve a strain gradient effect in the thickness of the speci-
men, widely described in the literature [11, 23, 24]. The sta-
bility and precision obtained with bending tests seem to be
suitable for the proposed study. However, bending spec-
imens must be especially long and damaging this kind of
specimen, with shear for example, seems to be complex to
carry out.

Previous tests do not seem satisfactory to our study, we
propose then a test on dumbbell-shaped composite tubes
constituted of plies positioned at 0 ° relative to the tube axis.
The method is applied here to balanced woven plies. The
tubular shape makes it possible to both damage the matrix
in shear with a torsion test and then perform a pure com-
pressive test in the fiber direction. This test allows a ho-
mogeneous field and therefore a simple calculation for the
stress. Specimens of similar form had already been used by
Hochard et al. [4] to achieve shear/tension tests. Neverthe-
less the compression test is problematic for the aforemen-
tioned reasons (buckling and stress concentration), a care-
ful development of this test in the case without damage is
proposed in [25–27].
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2.2. Specimen preparation
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Figure 1: Manufacturing and geometry of the samples: (a) geometry of the
sample (b) step 1 – rolling carbon tube (c) step 2 – rolling tabs

As it is mentioned above, the specimens used in this study
are dumbbell-shaped composite tubes (Fig. 1a). Their exter-
nal diameter is set to 40 mm by the testing machine. In order
to generate a large radius (approximately equal to 1 m, see
Fig. 1a), the length of the specimen must be large enough
and set to a value of 370 mm.

Tubes are manufactured in two steps. First, a tube made
of balanced woven carbon/epoxy (G939/M18 (Table 1)) is
manufactured using a wrap rolling process [28]. The weave
is a 4-Harness Satin. The standard designation is HTA for the
fibers and M18 for the resin. The method consists in rolling
prepreg plies around an aluminum rod, as presented in Fig.
1b. This aluminum rod is the internal mold. During rolling,
a force is applied in order to compact the plies. Finally, the
external ply is a heat-shrinkable tape, whose shrinking dur-
ing curing ensures compaction.

DIC system

Clamped grip

Axial-torsion
grip

Specimen

Figure 2: Specimen installed in the axial-torsion universal testing machine
(MTS 322)

For this type of resin, a curing cycle at 180◦C is imposed.
This method is only possible when the thermal coefficient
of aluminum is greater than that of the composite. This al-
lows the aluminum rod to be removed after the curing cycle.
The internal diameter of the tube is set at 30 mm, based on
the diameter of the rod. The quasi-perfect cylindricity of the
rod makes it possible to consider the cylindricity defect of
the tube as negligible. The stacking sequence of the tube is
[0◦]11 in order to avoid buckling and the thickness is equal to
2.75 mm [27].

Next, the carbon tube is reinforced with tabs at both ends
so that the crack occurs in the gauge area, which is the zone
where the tube is not reinforced (Fig. 1c). The shape of
the tube is then turned into that of a dumbbell. To obtain
this shape, the number of plies is progressively increased to
match the dimensions of the clamp (Fig. 1a). Tabs are made
with [90◦] plies of unbalanced woven glass/epoxy. The de-
sign of the tabs of the specimens is detailed more precisely
in [27].

The external coaxiality of the clamped end cannot be
controlled during the curing process because the proposed
method does not use an external mold. Yet if this coaxial-
ity is too low then bending can appear during the compres-
sive test, which will dramatically affect the results. For this
reason, the external face of the tube tabs is machined on a
lathe. To avoid local damage, the dumbbell-shaped section
and the gauge section of the tube are not machined. In order
to keep the coaxiality, the specimen is guided internally.

Finally the clamped ends of the specimen are filled with an
aluminum rod to avoid the failure caused by the tightening
of the machine.

2.3. Experimental set up and methods

The experimental setup is based on a axial-torsion univer-
sal testing machine (Fig. 2). In order to check the homo-
geneity of the strain field in the sample, the test is followed
by 3D Digital Image Correlation (DIC) [29]. Two cameras are
needed in order to take into account the non flatness of the
sample. The image speed is 2 images per second. This num-
ber of images per second is adapted to follow the behavior
of the material during the test but it is not enough to access
the mechanisms of failure. Figure 3 gives a description of the
3-step protocol.

In the first step, torsion is applied to the tube specimen in
order to shear the matrix and thus, to create diffuse damage.
In the case of carbon/epoxy woven plies it is not possible to
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Figure 3: Illustration of the different steps of the experiment

create damage of more than 0.5 with a static load because
the stiffness reduction leads to material instability [1]. That
is why it is necessary to use a cyclic load. This step is then
performed at a cyclic rotation of 1 ◦/sec with various ampli-
tude angles from−5◦ to+5◦. The common number of cycles
is 500. The damage is measured after each step of 500 cycles.
The method to measure the damage is based on the measure
of the stiffness reduction and will be detailed in the next sec-
tion. This procedure is repeated while the value of damage
is not targeted.

When the value of damage is considered to be enough,
the torsion cycles are stopped and an intermediate step is
started. The goal is here to realign the fibers in the gauge
area along the compression load direction by using DIC. The
value of the residual shear strain is measured in the sample
by calculating the shear strain between the first image of step
1 and the last image of the torsion cycles. When the shear
strain is too high, a static rotation is performed in order to
decrease the value of the shear strain. A value of less than
0.0005 for the residual shear strain is considered as accept-
able. In this case fiber misalignment is assumed negligible
by comparison with the natural fiber misalignment due to
the weaving architecture.

During step 2, the compressive test is performed in order
to identify the behavior of the damaged material in com-
pression and to measure the ultimate compressive strength.
This step is performed at a uniform cross head displacement
of 1 mm/min. The strain field in the specimen is monitored
by DIC.

3. Results, modeling and discussion

3.1. Test on undamaged specimens: identification of the be-
havior

First, the behavior of the undamaged material is investi-
gated up to failure. In this case, step 2 is directly applied to
the tube sample.

Fig. 4 shows the longitudinal strain field of an undamaged
tube just before failure. The strain is not perfectly uniform
in the gauge area for three reasons: the material is not lo-
cally homogeneous due to the weaving architecture, tab re-
inforcements affect the strain field, and there may be mea-
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Figure 4: Compression of an undamaged tube: strain field in tube direction
just before collapse
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Figure 5: Non linear behavior in compression up to failure (woven car-
bon/epoxy material G939/M18)

surement errors in the DIC system and the speckle pattern.
That is why an average strain is calculated in order to char-
acterize the material behavior. This average is calculated at
every step using MATLAB [30] after the test.
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Figure 7: Behavior in compression for different damage states (woven car-
bon/epoxy material G939/M18)

Fig. 5 shows the plot of the experimentalσ-ε curve where
the equivalent stressσ corresponds to the compressive load
divided by the surface of the tube cross-section. The aver-
age strain in the direction of the tube just before collapse
is εd=0

c = 1.35 %. This value is close to the ultimate tensile
strain (εd=0

t = 1.5 % [22]), but the ultimate stress is differ-
ent in traction (σd=0

t = 820 MPa [22]) and in compression
(σd=0

c = 590 MPa) because the behavior is significantly non
linear in compression.

The model proposed by Allix et al. in [19] and identified
in [15, 22, 31] is used here in order to model this non linear
behavior:

σ= E 0
11(1+αε)ε (4)

The identified values for the Young modulus E 0
11 and the

non linear parameter α are 53000 MPa and 12, respectively.
The identified curve is plotted in Fig. 5. It appears that the
stiffness reduction model used here is in good agreement
with the experimental data. Moreover, the values of the co-
efficients identified with this experiment are close to those
identified with a pure bending test in [22] on a similar car-
bon balanced woven ply (G963/913).

3.2. Test on damaged specimens: effect of damage on ulti-
mate compressive strain

The effect of matrix damage on the compressive strength
is now studied. Composite tubes are damaged with cyclic
torsional load, as is explained in 2.3. At the end, a full tor-
sion cycle at low speed is used to measure the loss of shear
stiffness. The equivalent shear stress (torque divided by the
surface of the tube cross-section and the mean tube radius)
is plotted in Fig. 6 according to the shear strain. This shear
strain in the gauge area is measured by using DIC. Curves
are interpolated by a simple linear regression which exhibits
a large decrease of stiffness versus the damage. It can be re-
mark that cycle curves exhibit also a hysteresis. This effect
is probably related to the viscosity and the friction in cracks
and debonds, but these ones are not associated with a global
stiffness reduction. As part of our simplified experimental
approach, only the global change in slope is taken into ac-
count. Damage is finally calculated as follows:

d = 1−
G d

12

G 0
12

(5)

where G d
12 and G 0

12 are the initial and the actual in-plane
shear modulus, respectively. The damage values obtained
are 0.25, 0.5, 0.63 and 0.95. For visibility, only three shear
curves are plotted in Fig. 6. It can be remarked that there
is a shear stress gradient in the tube thickness. With a lin-
ear assumption, the difference between the stresses inside
and outside the tube with respect to the middle radius is
about 7%. The softening behavior of the material further re-
duces this difference. As part of the simplified engineering
approach proposed, this measurement error is neglected.

Damaged tubes are thus ready to be tested in pure com-
pression up to failure. This study remains essentially qual-
itative because composite tube manufacturing and experi-
ments are very time-consuming. That is why it was decided
to use only one tube per level of damage. In another part of
our work, not described in the present paper, we developed
a testing method with flat specimens [25, 32].

Fig. 7 represents the compressive behavior in fiber direc-
tion for different damaged specimens. The non linear be-
havior identified previously on an undamaged specimen is
not modified when damage increases. Yet the compressive
strength has significantly and progressively decreased. This
observation confirms that failure of composites in compres-
sion is essentially due to the state of the matrix. Contrarily,
the stiffness in fiber direction is not affected by increasing
the value of the damage. The fact that rigidity in compres-
sion is not modified means that fibers are not broken during
the torsional cycles and the compression load path.

Figs. 8 and 9 show pictures of fracture surfaces just after
failure for two damage states. The observation is only based
on a post-mortem observation. The crack is always localized
along the whole circumference of the cylinder. The fracture
surfaces for the two cases are different. However, it is still
complex to identify the origin of the collapse because the
failure is sudden and catastrophic, and the fracture surface
is crushed.

In Fig. 10, the strain leading to failure is plotted according
to the damage. A linear decrease in the ultimate compressive
strain is observed when the value of damage increases. To
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Figure 8: Typical failure in compression in the middle of the gauge area for
large damage specimen (d = 0.63)

Figure 9: Typical failure in compression in the middle of the gauge area for
high damage specimen (d = 0.95)

take this strength reduction in future calculations, a simple
linear model is proposed as follows:

εc (d ) = ε
d=0
c (1−d ) (6)

The extreme case d equal to 1 is complex to obtain ex-
perimentally. For this case, we assumed that the material
is close to the woven dry. As a result, the compressive stiff-
ness tends to zero, as it was observed by Gibson et al. in [6]
for a completely burned matrix. The proposed model is very
simple, adapted to an engineering approach, it is then rea-
sonable to assume the ultimate compressive strain is null in
this case. Moreover, this model is in good agreement with
the expected trend by micro-models (in section 1 and [7]).
An advantage of this modeling is that the identification re-
mains really easy because it introduces just one parameter
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Figure 10: Effect of damage on ultimate compressive strain (woven car-
bon/epoxy material G939/M18)

(εd=0
c ) in the model. This value can be directly measured on

an undamaged specimen.

4. Conclusion

In this work, the effect of matrix damage on the com-
pressive strength in fiber direction of laminated composites
was investigated experimentally. The specimens used were
dumbbell-shaped tubes where fibers were positioned both
in the circumferential and axial directions. This type of spec-
imens, usually used for traction or compression tests, also
makes it possible to easily introduce damage in the matrix
with a cyclic torsional load.

First, the behavior up to failure of undamaged samples
was studied. The behavior identified was significantly non
linear and comparable to literature results. The ultimate
compressive strain seemed to be close to the ultimate tensile
strain. Yet the ultimate stress value was significantly lower,
in absolute value, because of the non linear behavior of the
material.

Second, experiments on fatigue damaged specimens were
considered. It appeared that the stiffness in fiber direction
is not modified when damage increases. This is due to the
fact that the fibers are not broken during the torsional cy-
cles and the compression load path. The most important
result concerns the effect of matrix damage on compressive
strength. It was indeed shown that damage significantly de-
creases the ultimate compressive strain. A linear decrease in
the ultimate compressive strain was measured. The model
proposed was in good agreement with the experimental data
and had the great advantage of being directly identified in a
compression test on a undamaged specimen.
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