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Abstract: This study explores the experimental characterization of the through-thickness compression
properties in unidirectional laminates using cube compression tests. Cubical specimens, each with
an edge length of 10 mm, were symmetrically outfitted with biaxial strain gauges and subjected
to a compression test. While similar methodologies exist in the literature, this work primarily
addresses the potential biases inherent in the testing procedure and their mitigation. The influence
of friction-induced non-uniform deformation behavior is compensated through a scaling of the
stiffness measurements using finite element (FE) analysis results. This scaling significantly enhances
the accuracy of the resulting parameters of the experiments. The ultimate failure of the specimens,
originating from stress concentrations at the edges, resulted in fracture angles ranging between 60◦

and 67◦. Such fracture patterns, consistent with findings from other researchers, are attributed to
shear stress induced by friction at the load introduction faces. The key findings of this research are the
comparisons between the through-thickness modulus (E33c) and strength (X33c) and their in-plane
counterparts (E22c and X22c). The results indicate deteriorations of E33c and X33c from E22c and X22c

by margins of 5 % and 7 %, respectively. Furthermore, the results for E22c and X22c were compared
with the results obtained through a standard test, revealing a 12 % enhancement in strength X22c and
4 % underestimated stiffness E22c in the cube compression test.

Keywords: out-of-plane properties; material characterization; finite element analysis; comparative
study; benchmark

1. Introduction

Composite laminates are extensively used in diverse industries, including aerospace,
automotive, and civil engineering. They offer superior design options due to their high
strength-to-weight ratio, design flexibility, and tailorability of their mechanical properties.
The fiber-reinforced plies from which a composite is made provide enhanced strength and
stiffness in the plane of the laminate. However, the out-of-plane properties of a laminate
remain unaffected by the superior capabilities of the fiber reinforcement. Consequently,
composites are primarily designed to withstand in-plane loads. Still, there are various
scenarios where composite laminates can be subjected to significant out-of-plane loads
affecting the overall performance and longevity of a composite structure.

For example, through-thickness loading occurs at the mounting areas of composite
rotor blades [1], clamped joints, or fasteners [2]. The localized loading around a fastener
introduces significant out-of-plane compression stress, and the through-thickness modulus
crucially determines the deformed state. Furthermore, hemispherical composite bearings
for tracked vehicles need to withstand significant out-of-plane loads [3]. The respective
load scenarios require a sufficient through-thickness strength and stiffness to prevent fail-
ure. In addition, many composite structures are exposed to accidental out-of-plane impact
loading [4,5]. While such impact events do not represent the design load, they might cause
significant damage to the laminate because an impact locally applies a notable out-of-plane
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force. The consequential bending deformation is accompanied by large through-thickness
stresses [6,7]. The evolution of laminate damage significantly depends on the laminate’s
capability to deform elastically [8] and the ply strength parameters. The local surface
indentation according to the Hertzian contact law [9] is driven by the laminate’s through-
thickness modulus and the Young’s modulus of the indentor. The resulting permanent dent
is key to the determination of the design points for the damage tolerance [10]. Hence, reli-
able through-thickness properties are required for an enhanced assessment of a composite
laminate’s performance.

One of the pivotal properties characterizing the through-thickness properties is the
compression modulus E33c, which is a measure of a material’s resistance to deformation in
its thickness direction when subjected to compression load. The out-of-plane force affects
the overall performance and durability of the structures, particularly when dealing with
out-of-plane loads and impacts.

A common assumption is that the out-of-plane stiffness E33 is often obtained by setting
it equal to the in-plane stiffness E22 [11–15]. Due to the closeness of both values and sparse
experimental data for the out-of-plane behavior, assumption is the best practice approach.
Nonetheless, for any problem which is sensitive to out-of-plane parameters [16], a more
accurate approach might improve the validity of the analysis. In particular cases like
woven or braided composites, the through-thickness properties of the composite laminates
might even differ substantially from the in-plane properties. The in-plane properties
predominantly reflect the high stiffness and strength introduced by the reinforcement fibers.
The through-thickness properties are largely influenced by the matrix material and the bond
quality between the laminar layers, both of which are typically weaker than the reinforcing
fibers. Because of this, the through-thickness compression modulus is often significantly
lower than the in-plane modulus. This discrepancy can lead to potential weaknesses and
vulnerabilities in composite structures, particularly under out-of-plane loading conditions,
causing delamination or interlaminar failure. Hence, a reliable determination and a solid
understanding of the through-thickness compression parameters can be essential to the
design and application of composite laminates.

Experimental Characterization of the Out-of-Plane Properties

The DIN, EN, or ISO standard test procedures for the determination of the laminate
compression properties require long, slender specimens [17]. There is no standard test
available to characterize the through-thickness stiffness and strength of a composite lam-
inate. The standard procedures for the determination of the in-plane properties cannot
be applied, as the laminate would have to be stacked along the specimen axis. Such a
stack would be expensive and hard to manufacture properly. Consequently, these standard
tests are not applicable to the determination of the out-of-plane properties. Nevertheless,
different researchers presented diverse experimental determination methods. Abot and
Daniel [18] used flatwise composite specimens bonded to steel shanks. This configuration
permitted conducting the through-thickness compression modulus testing in a similar
manner to in-plane compression testing. Gning et al. [19] characterized the out-of-plane
properties through Arcan’s fixture [20]. Next to the determination of E33 under tension and
compression, this method also permits measuring the out-of-plane shear moduli G13 and
G23. This method’s disadvantage is the geometry of the Arcan specimen requiring a 30 mm
laminate stack to be manufactured.

Zhang et al. [21] proposed characterizing a laminate’s through-thickness compression
properties through prism specimens compressed between carbon steel collars. Likewise,
Kim et al. [22] experimentally determined the through-thickness compression modulus
and strength, where they used cubical and cylindrical specimens with an edge length
and diameter of 10 mm. These pellet tests work with simplified specimens as the load is
introduced through the specimen end faces. The specimens do not allow the introduction
of shear stress and make the method less flexible than the Arcan test. Furthermore, a certain
parameter influences the result and the deformation behavior. Already, Zhang et al. [21]
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discovered the significance of the friction coefficient between the laminate specimen and
the steel collars. Due to the friction at the specimen–machine contact face, the lateral
expansion of the specimen introduces shear stress at the load’s introduction. This shear
stress is inhomogenous and prevents a uniform deformation state in the entire specimen.
Gruebler et al. solved this through numerical simulation in their experiment [1]. They
obtained the relevant parameters through calibration of the respective model parameters.

This research presents cube compression tests conducted with similar methodology
to that presented by Zhang et al. in 2000 and by Kim et al. in 2010. The present work
endeavors to fill a crucial knowledge gap by employing a known experimental methodology
for assessing the through-thickness compression modulus. A direct comparison between
the experimental outcomes and the predictions of a computational simulation model entails
the enhancement of the experimental results through correction factors from the simulation.
The second objective of this comparative analysis is the evaluation of the through-thickness
behavior of UD laminates in comparison with the in-plane behavior. Eventually, we aim
to benchmark the experimental findings from the cube compression test against those
obtained from standard planar compression testing.

2. Methods and Procedures

The focal point of this study is the experimental evaluation of the through-thickness
compression properties, specifically through cube compression tests. While the test set-up
was informed by methodologies used in previous research, it is important to note that there
is no universally accepted standard for this type of experiment. Consequently, I provide a
detailed description of the experimental set-up. For comparative purposes, another series
of tests was performed in accordance with the DIN EN ISO 14126 standard [17] which
precisely outlines the set-up and procedure. Therefore, the description of these standard
tests is succinctly presented in this study.

2.1. Experimental Set-up

The experimental set-up for the cube compression tests in this study was designed in
reference to the configuration presented by Kim et al. [22]. A cubical pellet specimen was
compressed uniaxially to determine the through-thickness properties. Figure 1 presents
both the schematic diagram and an actual image illustrating the configuration of the
test set-up as implemented. The core component of this set-up was a 100 kN universal
testing machine equipped with parallel compression plates. A further critical aspect is
the use of hardened steel plates (gauge blocks) between the compression plates and the
composite specimen. These plates were positioned above and below the cubical specimen.
The choice of hardened steel was deliberate, aimed at reducing the risk of indentation or
damage to the test machine. The high shape tolerance requirement of the gauge blocks also
ensured parallel load introduction on both sides of the specimen, which permitted uniform
distribution of the compression load across the specimen’s surfaces.

Despite stringent requirements for parallelism, achieving perfectly uniform load
application remains challenging. To accurately capture the strain experienced by the
specimen, we utilized biaxial strain gauges of type HBK 1-XY1x-1.5/120 [23] attached to
two opposite faces of the cube. These gauges were specifically chosen for their ability to
measure the strain both parallel and perpendicular to the direction of the applied load on
the respective surfaces. This configuration was critical for precisely quantifying both the
compressive and lateral deformations of the specimen under load.

Under compressive loading, composites exhibit lateral expansion, leading to sliding
at the interface between the specimen and the loading face. Zhang et al. [21] highlighted
the significant influence of the friction coefficient on the maximum shear stress within
the specimen. Consequently, they considered µ to be a critical parameter for strength
determination, using values of 0.1 and 0.3 in their analyses. In a contrasting approach,
Gruebler et al. [1] utilized a broader range of friction coefficients between 0.1 and 0.5.
Gruebler et al. reported that variations in the friction coefficient did not significantly alter
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the material response, attributing this to the high compression levels effectively suppressing
any sliding, even at lower friction coefficients. Kim et al. [22] applied lubrication grease
to reduce the friction at the interface. Nonetheless, they did not mention a value. Due to
the quasi-static load application, the static coefficient of friction µ0 was the relevant value.
In a comparative study about the frictional behavior of a CFRP, Schön reported [24] that
the friction coefficient depends on the fiber orientation, whereupon the coefficient for the
transverse direction is reported to be higher than that in the longitudinal direction. Lateral
deformation of a compressed cube specimen occurs primarily in the transverse direction.
The divergence of the Poisson’s ratios ν21 << ν23 and ν31 << ν32 yields a lateral expansion
∆22 >> ∆11 (see Equation (1)). Thus, the static friction coefficient between a CFRP and
a steel surface was assumed with µ0 = 0.25, as employed by Schön and according to
Matsunaga et al. [25]:

∆22 = −ν23ε33
∆11 = −ν31ε33

(1)

Load cell

Hardened steel blocks

Cubical CFRP specimen 
with strain gauges

Fixed 
compression plate

Movable 
compression plate

∆𝒙

𝜇0𝑠𝑐

Figure 1. The experimental set-up for the compression test as schematics (left) and as an actual
photo (right).

2.2. Specimen Configurations

The cubical specimens were designed with an edge length of 10 mm. Zhang et al. did
not find a siginificant size effect in their experimental investigation of different specimen
sizes between 8.5 mm and 15 mm [21]. Therefore, the dimension of 10 mm was chosen as
the minimal size that would comfortably apply the strain gauges. The specimens were
made from unidirectional (UD) prepreg material arranged in a [0]54 ply stack. The specific
composite material used was Hexcel’s medium-grade IMA/M21e with a nominal ply
thickness of 0.184 mm.

The carbon fiber composite parts of the Airbus A350 aircraft were manufactured from
this material [26], and the characterization of its elastic behavior has been studied various
times in the literature, such as by Caminero et al. in 2016 for the analysis of impact [27]
or by García-Moreno et al. with regard to aging [28]. Still, the referenced data sets do not
include separate information about the out-of-plane behavior.

The specimens were manufactured in an autoclave process according to the manufac-
turer specifications from the data sheet [29]. Accordingly, the part was cured for 120 min at
180◦ and 7 bar. Particular attention had to be paid to ensure that all surfaces were parallel
and smooth, requiring flat steel plates from the top and the bottom side of the specimen
during the process. This careful preparation was crucial to minimize any potential experi-
mental error due to misalignment or uneven stress distribution. A high level of accuracy
was required to ensure a uniform load introduction. This could be achieved through a
sufficient alignment of the specimen faces within the contact faces of the machine. While the
gauge blocks guarantee the parallel state of the load introduction, biased stress distributions
might still result from a minimally skewed specimen shape. To mitigate this, the composite
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plate was initially milled to a consistent thickness of 10 mm. Subsequently, the cubic spec-
imens were extracted from this uniformly thick plate using a secondary milling process.
This two-step approach was employed to address potential uncertainties and ensure the
integrity and uniformity of the specimens for the compression tests. Through this process,
accurate specimen dimensions were obtained:

• Thickness: 9.99 mm ± 0.05 mm;
• In-plane dimensions: 10.00 mm ± 0.04 mm.

The specimens were equipped with biaxial strain gauges on two opposing faces. This
configuration allowed the determination of the compression stiffness E33c and one Poisson’s
ratio, ν32 or ν31, from a single test, depending on which specimen faced where the gauges
were applied. To account for a potentially different behavior, the specimens were separated
into two groups, as Figure 2 depicts. For the experiments with 3-direction loads, these
groups were called the ν32 configuration with the strain gauges applied to the 23-plane
(normal to the fiber orientation) and the ν31 configuration with the strain gauges applied
to the 13-plane (parallel to the fiber orientation). Similarly, the 2-direction compression
tests were conducted in the ν23 configuration and the ν21 configuration. The specimens
equipped with strain gauges are shown in Figure 3.

Strain gauges: 

Load direction 

Lateral direction

10mm

10
m

m

Fiber orientation 
in the x-direction

23-plane

1

2

3
10mm

10
m

m

23-plane

1

3

1
3
-p

la
n
e

1
3
-p
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e
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1

2

23-plane

1

1
2
-p

la
n
e

1
2
-p

la
n
e

-3
-3

2

2

2-direction load (E22)
𝝂𝟐𝟑-configuration

3-direction load (E33)
𝝂𝟑𝟐-configuration

3-direction load (E33)
𝝂𝟑𝟏-configuration

2-direction load (E22)
𝝂𝟐𝟏-configuration

load

Figure 2. Strain gauges configurations for the cubical specimens for the 3-direction test and the
2-direction test.
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Figure 3. A set of 8 specimens equipped with strain gauges.

2.3. Test Procedure

Prior to each individual test, the surfaces of the compression plates and the hardened
steel plates were cleaned to eliminate any residual particles from the previous tests. After-
ward, the instrumented specimen was placed between the steel plates in the compression
testing machine. Before the actual test, the specimen was compressed to achieve a preload
of 20 N. Afterward, the machine applied the compressive test load under displacement
control with a load speed of 0.5 mm

min . The specimen was thus gradually loaded until the
failure point, indicated by a load drop of at least 30 % from Fmax. Throughout this pro-
cess, the strain gauges and the load cell of the testing machine collected data, providing a
detailed account of the specimen’s stress–strain response.

2.4. Finite Element Model of the Test Set-up

Static friction between the specimen and the steel blocks introduces a challenge,
as it disrupts the uniformity of compressive deformation across the specimen. This non-
uniformity means that surface strain measurements cannot directly yield the compression
modulus when applying Hooke’s law in a unidirectional manner. To overcome this lim-
itation, a finite element (FE) model was utilized to perform a virtual compression test
analogous to the physical test. This computational approach was crucial for determining
linear scaling factors, which are essential to accurately calibrate the target parameters
derived from the experimental characterization.

Figure 4a illustrates the FE model employed for this purpose. The model encapsu-
lates the specimen and the adjacent hardened steel blocks. The interfaces between these
components were modeled using a penalty contact approach to simulate both the normal
and frictional behaviors accurately. Given the complexities introduced by the contact
interactions, Abaqus/Explicit was selected as the simulation environment. Due to the
limited stable simulation time in an explicit simulation, the loading speed had to be signif-
icantly higher than in the real experiment. A displacement boundary condition of 1 mm

ms
was applied as a smooth step to prevent non-physically high accelerations. To rule out
any influence by this artificially high loading speed, the energy balance in the model was
monitored, revealing less than 0.01% kinetic energy compared with the elastic energy
throughout the entire simulation.

The loading boundary condition for ∆Uz was applied at the bottom surface of the
lower steel block while the lateral degrees of freedom were set to zero, where Ux = Uy = 0.
On the top surface of the other steel block, all degrees of freedom were set to zero, where
Ux = Uy = Uz = 0.

The meshing of the cubical specimen’s 23-plane is particularly noteworthy. It features
a biased mesh design, utilizing 0.2 mm elements near the corners to accurately capture the
high strain gradient expectations in these areas. Progressing toward the center, the element
edge length gradually increased to 0.6 mm, effectively reducing the overall element count
while maintaining model integrity. An investigation of the mesh density’s influence on the
predicted elastic response revealed no significant difference if a refined mesh was used.
In fact, even a coarser mesh with a 1 mm element in the center region yielded similar results.

In the 1-direction, where minimal lateral expansion was expected, a coarser mesh
sufficed. An element edge length of 2 mm met the corresponding meshing requirements,
striking a balance between accuracy and computational efficiency. However, the similarity
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of the deformation behavior along the 1-direction would even allow a coarser mesh to
obtain meaningful results. To keep the aspect ratio of all elements below 10, an element
edge length of 2 mm should not be exceeded.

𝑈𝑥 = 𝑈𝑦 = 𝑈𝑧 = 0

𝑈𝑥 = 𝑈𝑦 = 0

ሶ𝑈𝑧 = 1
𝑚𝑚

𝑚𝑠

Steel blocks:
C3D8R
(elastic, isotropic)

UD composite 
cube:
C3D8R
(elastic, 
engineering constants)

Penalty contact
normal & frictional
behavior

(a)

(b)
Figure 4. (a) Explicit FE model of the specimen and the hardened steel plates with penalty contact
between the bodies, including the boundary condition model features. (b) Representation to scale of
the strain gauge positions and sizes on the FE mesh (measuring grids illustrated in yellow).

In total, the cube comprised 3920 elements, a configuration that provided a detailed
representation while optimizing computational resources. The element type C3D8R was
used for both the gauge blocks and the specimen. To prevent hourglassing effects, the
enhanced hourglass control option of Abaqus was applied. The composite was modeled as
the elastic, orthotropic material type “engineering constants”. Similar material properties
were assigned to all elements. The material orientation was chosen according to the fiber
direction and the stacking direction of the laminate. Nevertheless, the 54 individual plies of
the laminate were not distinguished in the model, as the model’s level of abstraction was
the entire laminate.

The contact model was created as a pure slave-master interaction in which the coarsely
meshed steel blocks provided the master surface and the surface nodes of the specimen
represented the slave partner. The critical aspect of this set-up is the static friction coefficient
µ0. Drawing on the values suggested in the literature, we adopted a coefficient of 0.2 as a
reasonable estimate. However, prior to finalizing the scaling parameters, we thoroughly
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investigated the impact of this friction coefficient on the simulation results to ensure its
validity and influence.

Material data for the M21e/IMA composite were available from an accompanying
material characterization. Table 1 provides the elastic parameters for the FE analysis.
The value for the out-of-plane modulus E33 was assumed to be equal to the modulus in the
transverse direction E22.

Table 1. Material data used for the FE analysis as provided in [30].

Material IMA/M21e UD Composite

E11 166.0 GPa
E22, E33

1 8.0 GPa
G12 5.6 GPa
G13 5.6 GPa
G23 3.6 GPa
ν12, ν13 0.31
ν23

2 0.4

tply 0.184 mm
ρCFRP 1580 kg/m3

Material Steel blocks

E 210.0 GPa
ν 0.3
ρsteel 7800 kg/m3

1 E33 and E22 were chosen equally, as the data were not available before the test. 1 Here, ν23 was an assumed value,
as it was not available before the test was conducted.

Figure 4b depicts the position and the size of the strain gauges, including the mea-
suring grids on the FE mesh as a representation of scale. The measured strain in the test
represents an average of the strain in the respective grid areas. Analogously, the FE strain
results had to be averaged for the respective area. To obtain the surface strains in the FE
model, the strain had to be obtained from the outward pointing element nodes N in the
area of the strain gauge measuring grid (as the elemental strains at the integration points
do not represent the surface strains). The averaged gauge strain for the node set N was
calculated according to Equation (2), where the area An is calculated as the sum of the
adjacent element faces divided by four:

εgauge =
∑N

n=1 εn An

∑N
n=1 An

(2)

2.5. Numerically Obtained Scaling Factors

The simulation results in Figure 5 depict the strain distributions of the three normal
strains ε11, ε22, and ε33 at a compression load of 6 kN. Notably, the hindered lateral
expansion at the top and the bottom faces induced strain peaks along the edges in the
1-direction. The high lateral expansion in the 2-direction explains this observation. For the
same reason, the state of strain was constant along the 1-direction (x direction in the FE
plots). Thus, the strain on the 13-plane depended only on the 3-position (z position).
Conversely, the strains on the 23-plane depended on both in-plane coordinates. Still,
a nearly homogeneous state of stress emerged in the middle of this surface.
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(a) ε11 (b) ε22 (c) ε33

Figure 5. Strain results for the deformed cube under a compression load level of 6 kN (visualization
by SpectrumBaker [31]).

To demonstrate the impact of the specimen’s non-uniform deformation, we calcu-
lated the desired output parameters as field variables, adhering to the formulas outlined
in Equation (3). This approach enabled us to map the spatial distribution of our target
parameters–E33, ν31, and ν32–as though they were directly measured at each point on the
specimen’s surface. Figures 6 and 7 depict these calculated field outputs. Within the
framework of our FE simulation, the “real” values of the parameters were predetermined,
as they constituted part of the simulation’s input data. The color spectrum of each plot is
such that white represents the “real” input value, red stands for an elevated value, and
blue stands for a decreased value:

E33 = F
A12ε33

ν32 = − ε22
ε33

ν31 = ε11
ε33

(3)

The distribution of E33 follows an inverse relationship with ε33. It showed a depen-
dency primarily on the position within the 13-plane, and it remained notably constant
across the middle of the 23-plane. Figure 6a substantiates that the modulus measurable
in the center of the 23-plane aligned closely with the actual value (8000 GPa), indicating
minimal bias. Conversely, the measurable modulus in the 13-plane tended to be marginally
higher. This observation is particularly relevant when considering lateral expansion effects.

(a) (b)

Figure 6. Distribution of the calculated modulus E33 based on the local strain result ε33 of the FE
analysis at a load level of 6 kN (visualization by SpectrumBaker [31]). (a) E33 as measurable on the
23-face. (b) E33 as measurable on the 13-face.

Furthermore, the distribution of the inversely calculated Poisson’s ratio ν32, as shown
in Figure 7a, displayed significant gradients in both the loading and transverse directions.
These pronounced gradients suggest a higher potential for uncertainty in this parameter.
The restricted lateral expansion at the top and bottom faces of the specimen was observed
to extend almost to the specimen’s central region.
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(a) (b)

Figure 7. Distribution of the calculated Poisson’s ratios ν31 and ν32 based on the local strain results
ε33, ε11, and ε22 of the FE analysis at a load level of 6 kN (visualization by SpectrumBaker [31]):
(a) locally measurable ν32 of the deformed cube under a compression load level of 6 kN and (b) locally
measurable ν31 of the deformed cube under a compression load level of 6 kN.

To adjust for biased moduli obtained from the strain measurements, a scaling factor
was calculated for each target parameter by dividing the “real” input value by the virtually
measured values. Table 2 lists these scaling factors for E33, (E22), ν31, and ν32. During the
evaluation of the experimental results, the experimentally obtained raw values were scaled
with these factors, which enabled us to deduce the material’s true physical properties.

Table 2. FE-based correction factors for the parameter determination, accounting for the friction-
induced non-uniform loading in the experiments.

Parameter 23-Configuration 13-Configuration

E33c, E22c 1.02 0.838
ν32, ν23 1.430 -
ν31, ν21 - 0.895

3. Results and Discussion
3.1. Stiffness Determination

The meaningful raw data recorded during the tests were the strains and the compres-
sion force. The diagrams in Figures 8 and 9 show these measurements for the out-of-plane
compression tests in the 13-configuration and the 23-configuration, respectively. The strain
measurements from both sides of each specimen are depicted separately but in the same
color. While a similar strain response on both sides indicates a symmetrical loading con-
dition, the deviation of both corresponding strain curves indicates the presence of some
asymmetry. Most specimens did not exhibit significant asymmetry. Only specimen 1 of
the 13-configuration suddenly deformed asymmetrically above 9 kN. The correspond-
ing kink in the curves indicates that premature failure of a single edge was the cause of
this observation.

Notably, the initial response below 2 kN revealed a progressively increasing stiffness
for all specimens. The most likely source of this behavior is the friction between the
specimen and the steel plates. Low contact force still permitted sliding at the contact faces.
Only after a certain contact pressure was reached did the static friction lead to a converging
strain response. Similar to the observation of Kim et al. [22], the response on the 23-plane
was slightly nonlinear, exhibiting a decreasing tangential stiffness. To obtain meaningful
elastic parameters from these response curves, the force range for the determination of
the secant stiffness was selected to be from 4 kN to 8 kN, corresponding to a strain level of
approximately 0.005 m m−1 0.01 m m−1. The overlay of the averaged and shifted curves for
both configurations is depicted in Figure 9a, clearly showing the elevated stiffness of the
13-configuration in comparison with the 23-configuration. The scatter observed in the raw
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curves was nearly negligible compared with the secant stiffness in the evaluation range for
modulus determination.

Analogously, the raw transverse strains in the 1-direction and the 2-direction are
plotted in Figure 9b. While the lateral strain response in the 2-direction was reliably similar
throughout the individual tests, the 1-direction strain exhibited large deviations between
the individual tests. In particular, the strain ε11 measured during test 3 was unexpectedly
large, deviating significantly from the other curves. A strain gauge failure or an angular
error in the gauge application could be excluded as a possible cause, as the lateral strains
were equally large on both sides of the specimen. Thus, the Poisson’s ratio ν13 obtained
from this test set-up was considered unreliable.
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Figure 8. Raw strain vs. force measurements of the E33 tests. (a) Individual strains measured in the
loading direction on both 13-planes. (b) Individual strains measured in the loading direction on both
23-planes.
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Figure 9. Strain vs. force plots from measurements of the E33 tests (a) Averaged strain ε33 from both
opposing planes. (b) Strains ε11 and ε22 measured in the transverse direction.

After a quantitative evaluation of the elastic parameters, the raw values depicted in
Figure 10 were obtained. As expected from the FE analysis, the evaluation was biased due
to the friction between the specimen and the steel plates. Hence, the moduli calculated
from the strains on the 23-plane and on the 13-plane (12-plane for E22) differed significantly.
Nonetheless, the scatter of the data points within one group was low, suggesting reasonable
precision for the test configuration.

The raw parameters had to be converted by the linear scale factors given in Table 2.
The diagrams in Figure 11 and Tables 3 and 4 provide the respective result parameters.
The initial deviations between the parameters obtained by different configurations appeared
to vanish, and the scatter of the moduli calculated from the entire data set was not larger
than the scatter within an individual group. These results eventually allowed us to compare
the out-of-plane compression stiffness E33 with the in-plane compression stiffness E22
measured by the same method. This revealed the out-of-plane compression stiffness to be
approximately 5 % below the in-plane value. This 5% value was the typical error resulting
from assuming E22 = E33.
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Test type Number
of tests

Modulus
[MPa]

standard
deviation
[MPa]

E33 (Cube) 7 8611 104
E23plane

33 (Cube) 4 8617 129
E13plane

33 (Cube) 31 8604 55

E22 (Cube) 6 8996 183
E23plane

22 (Cube) 3 8897 153
E12plane

22 (Cube) 3 9095 155

E22 (EN ISO 14126) 6 9370 115
1 Strain gauge failure occurred at the forth specimen leaving only

three available results.

Table 3: Results of the modulus determination and a reference
result for a E22 standard test.

3.2. Strength determination

Beyond the determination of the elastic properties, the compression strength is
calculated from the maximum compression force of each test. As this calculation does365

not rely on strain gauge data, it remains unaffected by the specimen’s configuration,
eliminating the need for further scaling. The calculated strength are given in Table
4. Likewise to the stiffness, the out-of-plane compression strength is lower than the
in-plane compression strength. In this case, the difference is 7 %.

Figure 12 showcases the fractured specimens post-testing. It is apparent that frac-370

tures predominantly originated from the specimen edges, correlating with the significant
strain peaks identified in the FE analysis (refer to Figure 5). The fracture patterns ob-
served align with the findings of Zhang et al. [21] and Kim et al. [22], as illustrated in
the side-by-side comparison in Figure 13a. In this study, the measured fracture angles
φ f p, identified on visible fracture planes emanating from the edges, ranged between 60°375

and 67°. These angles are consistently higher than the theoretical values proposed by
Puck [32] at 50°, and those reported by Knops [33] at 54° ± 3°.

Further analysis of Zhang’s and Kim’s fracture patterns reveals similar angle values,
between 63° and 65° (see Figure 13a). This consistency suggests that the observed effect
might be intrinsic to the cube compression experiment design. A probable explanation is380

the altered principal stress direction at the specimen edges, where fracture initiates. The
friction at the contact faces likely induces shear stress, affecting the stress orientation. As
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Table 3. Results for the modulus determination and a reference result for an E22 standard test.

Test Type Number of Tests Modulus (MPa) Standard Deviation (MPa)

E33 (Cube) 7 8611 104
E23plane

33 (Cube) 4 8617 129
E13plane

33 (Cube) 3 1 8604 55

E22 (Cube) 6 8996 183
E23plane

22 (Cube) 3 8897 153
E12plane

22 (Cube) 3 9095 155

E22 (EN ISO 14126) 6 9370 115
1 Strain gauge failure occurred at the forth specimen, leaving only three available results.

Table 4. Results for the strength determination and a reference result for a standard test.

Test Type Number of Tests Strength (MPa) Standard Deviation (MPa)

X33c (Cube) 8 210 6
X22c (Cube) 6 224 2

X22c (EN ISO 14126) 6 200 8

3.2. Strength Determination

Beyond the determination of the elastic properties, the compression strength was
calculated from the maximum compression force of each test. As this calculation did
not rely on strain gauge data, it remained unaffected by the specimen’s configuration,
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eliminating the need for further scaling. The calculated strengths are given in Table 4.
Like the stiffness, the out-of-plane compression strength was lower than the in-plane
compression strength. In this case, the difference was 7%.

Figure 12 showcases the fractured specimens post-testing. It is apparent that fractures
predominantly originated from the specimen edges, correlating with the significant strain
peaks identified in the FE analysis (refer to Figure 5). The fracture patterns observed align
with the findings of Zhang et al. [21] and Kim et al. [22], as illustrated in the side-by-side
comparison in Figure 13a. In this study, the measured fracture angles ϕ f p, identified on
visible fracture planes emanating from the edges, ranged between 60◦ and 67◦. These
angles were consistently higher than the theoretical values proposed by Puck [32] at 50◦

and those reported by Knops [33] at 54◦ ± 3◦.

3-direction load (E33)
𝝂𝟑𝟐-configuration

3-direction load (E33)
𝝂𝟑𝟏-configuration

2-direction load (E22)
𝝂𝟐𝟑-configuration

2-direction load (E22)
𝝂𝟐𝟏-configuration

Figure 12. Failure pattern view on the 23-plane of the tested specimens after ultimate failure.

Further analysis of Zhang’s and Kim’s fracture patterns revealed similar angle values
between 63◦ and 65◦ (see Figure 13a). This consistency suggests that the observed effect
might be intrinsic to the cube compression experiment’s design. A probable explanation
is the altered principal stress direction at the specimen edges, where fractures initiate.
The friction at the contact faces likely induced shear stress, affecting the stress orientation.
As depicted in Figure 13b, the FE simulation results indicate a tilt of approximately 7◦

in the principal stress direction at the edges, assuming a friction coefficient of 0.2. Cor-
recting the observed fracture angles with this tilt brought them more in line with the
theoretical predictions.

𝝋𝒇𝒑

𝝋𝒇𝒑𝟏

𝝋𝒇𝒑𝟐

𝝋𝒇𝒑

Bogenfeld
(Present study)

Zhang et al. 2000 Kim et al. 2010

(a) (b)
Figure 13. (a) Comparison of the fracture angle between the present study and the fractured specimens
shown by Zhang et al. [21] and Kim et al. [22]. (b) Directions of the major principal stress at the
loading faces of the specimen.
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3.3. Comparison with the Standard Test

In our analysis, we juxtaposed the outcomes of the cube compression tests with
those obtained from standard in-plane compression tests as per DIN EN ISO 14126 [17],
as indicated in the last rows of Tables 3 and 4. The standard tests used specimens from the
same manufacturing process and material batch as the cube specimens, enabling a direct
comparison of the derived values for E22c and X22c between the two test types. Notably,
we observed that the cube test underestimated the stiffness by 4%. Despite the strain
concentrations at the cube edges, it overestimated the compression strength by 12%.

To reconcile these discrepancies with the standard test results, further scaling of the
properties determined from the cube tests was necessary. Assuming mechanical similarity
between E22 and E33, E33 was scaled by the same ratio as EENISO

22 /Ecube
22 . This adjustment

yielded a corrected modulus value of Ẽ33 = 8969 MPa, effectively removing the cube test’s
bias. Similarly, by applying this scaling approach to the strength values, we calculated a
revised strength value of X̃33c = 188 MPa.

3.4. The 1-Direction Cube Compression Test

In conjunction with the previously discussed experiments, we conducted four com-
pression tests in the 1-direction using cubical 10 mm specimens similar to those in the other
tests. Still, the results from these tests are not included in this report due to significant
reliability issues encountered with the experimental procedure. At extremely low load
levels, fragments began to detach from all four sides of the specimens, undermining the
reliability of the strain measurements and rendering the determination of a modulus infea-
sible. Furthermore, the 11-compression strength could not be ascertained accurately, as the
specimens failed incrementally through the splitting off of fragments, leading to premature
ultimate failure, which can be seen in the fracture patterns of the two specimens shown in
Figure 14 after a 1-direction test.

Figure 14. Failure patterns of the specimens of the fiber direction tests.

4. Conclusions and Outlook

Employing an experimental method from the literature, this study successfully es-
tablished a procedure for determining the through-thickness compression properties of
unidirectional laminates using cube compression tests. The methodology, encompassing
both the test procedure and specimen preparation, is notably simpler and more cost-
effective compared with out-of-plane Arcan tests. The following conclusions can be drawn
from the key findings of this study:

• To enhance the accuracy of the experiment results, the stiffness measurements were
scaled according to the results from a virtual test set-up in FE analysis. This approach
enabled the precise determination of E33c and X22c.

• A comparative analysis of the in-plane and out-of-plane properties revealed a slightly
lower out-of-plane modulus (E33c) and strength (X33c) compared with their in-plane
counterparts (E22c and X22c. The results indicate deteriorations of E33c and X33c from
E22c and X22c by margins of 5% and 7%, respectively.

• The cube compression test results for E22c and X22c were compared with the results
from a standard test, revealing 12% enhanced strength for X22c and 4% underestimated
stiffness for E22c in the cube compression test.
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Future research should focus on determining the through-thickness strength and stiff-
ness of multi-directional laminates, particularly those with varying stacking sequences
and ply thicknesses, as the out-of-plane properties are known to be influenced by these
factors [22]. Notably, the strength of multi-directional laminates is often significantly higher
compared with that of unidirectional laminates. Investigating legacy quad laminates com-
posed of 0◦, 90◦, and ±45◦ plies will be essential, especially concerning the influence of the
number of interfaces on their mechanical properties [34]. Furthermore, for double-double
laminate configurations [34,35], exploring how the properties vary with interface angles
is of significant interest. However, the effort required in manufacturing various speci-
men configurations presents significant challenges for conducting extensive experimental
studies with diverse layup configurations. Consequently, supplementing experimental
determination with detailed numerical analyses, as proposed by Llorca et al. [36], becomes
a practical approach. These analyses can effectively incorporate and evaluate the influ-
ence of different stacking sequences, offering a more comprehensive understanding of the
material’s behavior.
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