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Determination of Dynamic Interlayer
Strength Properties of Layered
Composites Using Measuring Bars

Artem V. Basalin, Anatoly M. Bragov, and Aleksandr Yu. Konstantinov

Abstract The paper presents the results of the development and testing of experi-
mental schemes that allow us to study the characteristics of the interlayer strength of
layered composite materials. The schemes are based on the technique of measuring
bars. To determine the interlayer strength at separation, a modification of the Kolsky
method for direct tension is used. A sample of a special shape is glued to adapters
having threaded parts, by means of which the sample is installed in a split measuring
bar. To determine the mechanical characteristics of composite materials during inter-
layer shear, three experimental schemes were proposed and tested: dynamic three-
point bending of a short beam, dynamic compression of plate samples with inci-
sions and dynamic extrusion of the middle part of the samples in the form of paral-
lelepipeds. Loading of samples and registration of their deformation processes were
carried out using the technique ofmeasuring bars.Anumerical simulationwas carried
out to check the dynamic equilibrium condition of the sample in an experiment on the
dynamic bending of a short beam. The schemes were tested on samples of a layered
composite material with a polymer matrix reinforced with carbon fabric. The results
of a comparative analysis of the schemes for determining shear strength showed
that the most preferable is the scheme of extrusion of the middle part of the paral-
lelepiped, since, unlike the bending of the beam, it allows you to vary and control
the loading conditions, and unlike the testing of incised samples, it is symmetrical,
which eliminates the appearance of bending moments in the sample.
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4.1 Introduction

The structures made of multilayer composite materials based on glass or carbon
fiber and plastic binder (polymer composite materials or PCM) during exploita-
tion can be subjected to dynamic loads of various natures. Interest in the study of
the behavior of such materials under intense dynamic loads is determined by the
requests of the aerospace and automotive industries, energy technology, construc-
tion, etc. Composite materials have a set of properties and features that differ from
traditional structuralmaterials (metal alloys) and together open upwide opportunities
both for improving existing structures of various purposes and for developing new
structures and technological processes. To calculate stress–strain state and assess the
strength of structures, modern computing systems are used, for example, ANSYS,
LS-DYNA, ABAQUS, LOGOS, etc. The creation of digital models of real structural
elements greatly facilitates the optimization of the design under development and
significantly reduces the design time, but requires a large amount of reliable experi-
mental information. The development of newmaterials and the increasing complexity
of mathematical models lead to the need to develop experimental research tools. For
multilayer composite materials based on glass or carbon fiber and plastic binder
(polymer composite materials or PCM), the range of dynamic loads has not been
studied much. Available scattered experimental data on the effect of the strain rate
on the strength properties of individual classes of composites for specific loading
conditions.

Currently, the methods of dynamic testing based on the classical Hopkinson-
Kolsky split bar scheme have received the greatest development [14]. The main idea
of themethod is to use bars measuring indirectly themovement of sample points over
time and the history of changes in the force acting on the sample during loading. Due
to the small length of the sample compared to the length of the loading pulse, stresses
and strains are evenly distributed along its entire length, and deformation occurs
under conditions of so-called “dynamic equilibrium”. Currently, manymodifications
of the Split Hopkinson Pressure Bar (SHPB) method are used for compression,
tension, shear, torsion, etc. A description of various variants of SHPB can be found
in Campbell and Dowling [3–5, 7–9, 12, 15, 18, 19, 21].

In the last decade, methods based on the technique of measuring bars have been
widely used for the study of polymers [20] and structural PCMwith various reinforce-
ment schemes. For example, studies of the effect of the strain rate on the dynamic
behavior of woven PCM under tension [10, 11] and compression [2, 16] have been
carried out. The strain rate dependences of the deformation curves of unidirectional
carbon fiber plastics under tension [17] and compression [13] in the direction trans-
verse to the direction of the fibers and shear in the plane of the layer [13] are obtained
at deformation rates of ~1000 1/s. Cherniaev et al. [6] obtained deformation diagrams
of unidirectional carbon fiber in the direction perpendicular to the direction of the
fibers in the range of strain rates 10–2000 1/s using the copra test method and the
SHPB method. In Akl and Baz [1], experimental studies of the dynamic behavior
and damping properties during compression of a thermoplastic polymer filled with
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carbon nanoparticles using the classical scheme of the SHPB method at strain rates
of 2000–7000 1/s were carried out.

The purpose of this work is to develop and test methods for studying the dynamic
characteristics of the strength of layered PCM during interlayer fracture: shear and
separation.

4.2 Determination of Interlayer Strength at Separation

This section describes an experimental scheme for determining the ultimate strength
at the tension of the PCM in the direction perpendicular to the reinforcement plane.
A sample from a special-shaped PCM is attached to measuring bars using a snap-in
(Fig. 4.1). The system is loaded with a tensile pulse. In order to fix the sample in the
measuring bars, special adapters are used. Centering of the sample is performed by
drilling holes in the samples into which the adapter guides are inserted. The sample
is connected to the adapters by means of an adhesive joint. The “sample-adapter”
assembly is screwed into the measuring bars. This mounting scheme allows you to
prepare several samples for testing at once, while in the case of gluing the sample
directly to the measuring bars, the testing process slows down noticeably.

To determine the ultimate stress at which the fracture of the sample occurs
according to the interlayer separation (perpendicular to the reinforcement plane σ3),
the following ratio is used:

σ+
3 = max

(
ET · ST · εT (t)

a2

)

where εT—the transmitted strain pulse registered in the output bar, ET , ST—Young’s
modulus and cross section area of the output bar and a—sample section side.

The left part of Fig. 4.2 shows the characteristic time dependences of the tensile
stress in the cross section of the sample (blue line) and the rate of tension (red dotted
line). The ultimate value of the stress was determined as the maximum values of
σ3+(t). At the same time, the rate of tension at the moment of fracture of the sample
was determined. The data obtained during the testing of carbon fabric layered PCM

Fig. 4.1 Test scheme for determining the tensile strength of the PCM in the normal direction
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Fig. 4.2 Results of the experiment

Fig. 4.3 Sample after the test

are shown in the right part of Fig. 4.2. It can be noted that the value of σ3+ decreases
with increasing loading speed.

The sample after the test is shown in Fig. 4.3.

4.3 Determination of Interlayer Shear Strength by Bending
a Short Beam

To determine the strength characteristics of the interlayer shear of the PCM under
dynamic loading, by analogy with the standard for static testing of composites ISO
14130:1997, experimentswere conducted on the three-point bending of a short beam.
The general test scheme is illustrated in Fig. 4.4. In the experiments, measuring bars
with a diameter of 20 mm were used. The radii of the rounding bars and the distance
between the support bars were selected according to standard ISO 14130:1997. The
geometric characteristics of the beam samples (length L, widthW and height H) are
shown in Fig. 4.4. The sample sizes were 45 × 12 × 6 mm. A compressive pulse
through a loading measuring bar loads the sample.

One of the fundamental assumptions and conditions of applicability of the Kolsky
or SHPB method for determining the characteristics of materials is the condition of
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Fig. 4.4 Geometric characteristics of the sample and the forces acting on the beam during the test

dynamic equilibrium of the sample during loading. This means that at each moment
of time, the force acting on the sample from the side of the loading measuring bar
F(t) must be equal to the sum of the forces acting on the sample from the side of the
support bars F1(t) + F2(t).

Numerical simulation was carried out to assess the conditions of dynamic equilib-
rium of the sample-beam in the used configuration of the test facility. The simulation
was carried out in LS-DYNA code (Customer number 1069197). The results are
shown in Fig. 4.5, which shows the history of changes in the forces acting on the
sample from the measuring bars. The numbers indicate 1–the force from the contact
“loading bar-sample”, 2–the doubled force from the contact “sample-support bar”
and 3–the doubled force calculated according to the data of the strain gauges on the
support bar. The following conclusions can be drawn: firstly, the force acting on the
sample from the side of the loading bar at each moment of time is very close in
magnitude to the force acting on the sample from the side of the output-measuring
bars. The time difference between the beginning of the action of the first force (F)
and the appearance of the force on the support bars (F1 and F2) is about 10 microsec-
onds, i.e., in the process of deformation, a dynamic equilibrium condition occurs in
the sample. Secondly, the information from the strain gauge located on the support
bar allows to determine accurately the force F1 (F2).

To process the experimental information obtained during the bending of a
composite beam, the following relations are used:

The deflection rate of the beam is equal to

Vb(t) = cI ·
(
ε I + εR

) − 0.5 · cT
(
εT1 + εT2

)

The deflection is calculated by the following formula:

Ub(t) =
t∫
0

Vb(τ )dτ

Force acting on the beam from the input bar is calculated by the following formula:
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Fig. 4.5 Forces acting on
the sample: 1–force from the
“loading bar-sample”
contact, 2–doubled force
from the “sample-support
bar” contact and 3–doubled
force calculated from the
data of the strain gauge on
the support bar

F(t) = F1(t) + F2(t) = ET · ST · (εT1 + εT2
)

where ε I , εR—incident and reflected strain pulsesmeasured in the input bar, εT1 , εT2 —
transmitted strain pulses registered in output bars, cI—the speed of sound of input
bar’s material, cT—the speed of sound of material of output bars and ET , ST—
Young’s modulus and cross section area of output bars.

Interlayer shear stress is calculated by the following formula:

τ(t) = 3

4
· F(t)

h · w
The ultimate interlayer shear stress is the maximum value of τ(t). . The valid tests

are only those in which a single or multiple bundle was formed in the sample at the
end of the beam (Fig. 4.6).

The scheme was tested on beams made of laminated PCM based on carbon fiber.
Photos of the samples after the test are shown in Fig. 4.7. Depending on the amplitude
of the loading wave (the velocity of the impactor), different modes of fracture of the
sample are observed. On the left side of the photo, a single crack appears on the
end of the sample, and on the right, there is an intense multiple delamination in the
loading zone.

The characteristic strain pulses recorded in the experiment are shown in Fig. 4.8.
It can be noted that the pulses recorded on the support bars are in good agreement
with each other, which indicates the correct alignment of the experimental setup and
the exact installation of the test sample.

Fig. 4.6 "Valid” types of fracture of the sample
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Fig. 4.7 Types of sample fracture

Fig. 4.8 Characteristic strain pulses recorded in the experiment for three-point bending of a short
beam

Figure 4.9 illustrates a comparison of the forces acting on the sample from the
loading (F) and support (F1 + F2) bars. It can be noted that these forces correspond
quite well, which indicates that the conditions of dynamic equilibrium of the sample-
beam during bending are met.

Based on the results of the experiment using the formulas given above, the
following parameters were calculated: the deflection rate of the beam, the force F
acting on the sample during the test and the magnitude of the shear stress τ . The left
part of Fig. 4.10 shows the history of changes in the deflection rate of the beam (blue

Fig. 4.9 Comparison of the
forces acting on the sample
from the measuring bars in
the bending test
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Fig. 4.10 Processing and results of the bending tests

line, left vertical axis) and the force F acting on it (red line, right vertical axis). For
each experiment, the maximum value of the force and the corresponding value of the
deflection velocity were determined. According to the maximum force F, using the
appropriate formula, the value of the ultimate strength of the PCM during interlayer
shear was calculated. The velocity dependences of the strength characteristics are
presented in the right part of Fig. 4.10. The color of the dots characterizes the fracture
modes of the sample: 1—corresponds to the appearance of a single crack at the end
of the sample, 2—the appearance of multiple delamination at the end of the sample
and 3—intense multiple delamination in the loading zone. It can be concluded that
the dynamic strength is 15% higher than the static value.

4.4 Determination of Interlayer Shear Strength
by Compression of Samples of Special Shape

In the second scheme, samples with incisions were tested to determine the interlayer
shear strength. The configuration of the sample and equipment for fixing the sample
in the measuring device is shown in Fig. 4.11.

For processing experimental information, the following relations are used:
The shear rate is equal to

Vsh(t) = cI ·
(
ε I + εR

) − cT · εT

Fig. 4.11 Sample configuration for determining interlayer shear strength
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Fig. 4.12 Characteristic strain pulses recorded in the compression experiment of samples with
incisions

Shear stress is calculated by the following formula:

τ(t) = ET · ST · εT
L · w

where ε I , εR—incident and reflected strain pulses measured in the input bar, εT—
transmitted strain pulse registered in output bar, cI—the speed of sound of input
bar’s material, cT—the speed of sound of material of output bars, ET , ST—Young’s
modulus and cross section area of output bars and L and W—length and width of
the working area of the sample.

The scheme was tested on beams made of laminated PCM based on carbon fiber.
The characteristic strain pulses recorded in the experiment are shown in Fig. 4.12.

Figure 4.13 illustrates a comparison of the forces acting on the sample from the
loading (F1) and support (F2) bars calculated according to the Kolsky formulas.
The presence of complex equipment for attaching the sample to the measuring bars
(forks + tightening clips) distorts the wave pattern. Massive elements lead to addi-
tional wave reflections. A drop appears at the beginning of the reflected pulse and,
accordingly, an outburst appears on the force, which is determined by the differ-
ence between the incident and reflected pulses, which does not reflect the force
acting on the sample, but is a superposition of forces acting on the sample and an
inert massive rigging. However, during the loading of the sample, the condition of
dynamic equilibrium takes place.

Based on the results of the experiment using the formulas given earlier, the
following parameters were calculated: the shear rate, the forceF acting on the sample
during the test and themagnitude of the shear stress τ . The left part of Fig. 4.14 shows
the history of changes in the shear rate (blue line, left vertical axis) and the force
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Fig. 4.13 Comparison of
the forces acting on the
sample from the measuring
bars in the shear test

F acting on the sample (red line, right vertical axis). The stress has several peaks.
The first corresponds to the destruction of the sample along the cut plane. During
the second peak, the parts of the sample are closed when the gap formed by the cut
is estimated. For each experiment, the maximum value of the force in the first peak
and the corresponding value of the shear rate were determined. According to the
maximum force F, the value of the strength of the PCM during interlayer shear was
calculated using the appropriate formula. The velocity dependences of the strength
characteristics are presented in the right part of Fig. 4.14. The points are grouped by
the thickness of the sample. Bluemarkers correspond to the data obtained on samples
with a thickness of 2 mm, and orange—on samples with a thickness of 6.5 mm. The
dynamic strength according to the specified test method turned out to be lower than
the static one.

Fig. 4.14 Processing and results of the experiment on compression of samples with incisions
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4.5 Determination of the Interlayer Shear Strength
of the PCM by Extrusion of the Middle
of the Parallelepiped Sample

To determine the interlayer shear strength of the PCM, a scheme was used to extrude
themiddle of the sample-parallelepiped (two-plane shift). Loading in theRSGsystem
was carried out by a compressive load. The general view of the experimental scheme
is shown in Fig. 15a. The equipment for loading sample 5 (Fig. 15b) in the SHPB
system (measuring bars 1 and 2) includes parts 3 and 4, as well as a guide 6 for
centering parts.

When loading the sample in the described tooling, it shifts along the planes
highlighted in red in Fig. 4.16. Samples of 25 × 25x10 mm were tested.

The following relations are used to process experimental information:
Shear rate:

Vsh(t) = cI ·
(
ε I + εR

) − cT · εT

Shear stress:

a b

Fig. 4.15 General view of the experimental scheme

Fig. 4.16 Geometric
characteristics of the sample
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Fig. 4.17 Characteristic strain pulses recorded in the extrusion experiment

τ(t) = ET · ST · εT
2 · a · h

where ε I , εR—incident and reflected strain pulses measured in input bar, εT—trans-
mitted strain pulse registered in output bar, cI—the speedof soundof input bar’smate-
rial, cT—the speed of sound of material of output bars, ET , ST—Young’s modulus
and cross section area of output bars and a and h are the length and width of the shear
zone.

The scheme was tested on beams made of laminated PCM based on carbon fiber.
The characteristic strain pulses recorded in the experiment are shown in Fig. 4.17.

Figure 4.18 illustrates a comparison of the forces acting on the sample from the
loading (F1) and support (F2) bars calculated according to the Kolsky formulas. It is
seen that the presence of adapters used to implement extrusion introduces distortions
into the wave pattern, as a result of which the conditions of dynamic equilibrium are
not met.

Based on the results of the experiment, the following parameters were calculated:
the shear rate, the force F acting on the sample during the test and the magnitude of
the shear stress τ . The force is determined by the strain in the output-measuring bar.
The left part of Fig. 4.19 shows the history of changes in the shear rate (blue line,
left vertical axis) and the force F acting on the sample (red line, right vertical axis).
For each experiment, the maximum value of the force and the corresponding value
of the shear rate were determined. According to the maximum force F, the value of
the strength of the PCM during interlayer shear was calculated using the appropriate
formula. The results of processing all experiments are illustrated in the right part
of Fig. 4.19. The asterisk corresponds to the static value of shear strength during
interlayer shear. The values of interlayer shear strength obtained in the dynamic
range were on average 25% lower than the static characteristic.
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Fig. 4.18 Comparison of forces acting on the sample from the measuring rods in the extrusion
experiment

Fig. 4.19 Processing and results of the extrusion experiments

4.6 Comparative Analysis of Schemes for Interlayer Shear

Figure 4.20 shows a comparison of the values of the strength of the PCM during
interlayer shear obtained by different methods. It can be noted that the data obtained
by extrusion (red triangles) are in good agreement with the data determined by the
dynamic compression of samples with incisions (orange and blue squares). The
strength characteristic determined by the method of bending a short beam turned out
to be noticeably higher.

4.7 Conclusions

As a result of the work performed, a number of experimental schemes and
corresponding experimental installations were created based on the technique of



52 A. V. Basalin et al.

Fig. 4.20 Comparison of data obtained by different methods

measuring bars, which allow testing samples from PCM to determine the strength
characteristics of interlayer shear and separation depending on the loading speed.
The method of dynamic bending of a short beam does not allow varying the loading
conditions in a sufficiently wide range, since the shape of the fracture of the sample
changes depending on the intensity of the load. In addition, in this type of test, it
is impossible to assess the conditions of destruction by the shape under study (for
example, the shear rate). The scheme for testing a sample with incisions is asym-
metric.Despite the small thickness of the sample, due to geometric features, a bending
moment occurs, which can disrupt the isolation of the fracture mode by interlayer
shear. The most informative is the scheme with the extrusion of the middle part of the
sample in the form of a parallelepiped. The approbation of the schemes was carried
out on the example of a layered composite of woven reinforcement. A comparative
analysis of the data obtained according to the described schemes is performed.
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