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Abstract:
Diametral compression tests were performed on pultruded composite rods comprised of
unidirectional glass or carbon fibers in a common matrix. During compression tests, acoustic
emission (AE) activity was recorded and images were acquired from the sample for analysis by
digital image correlation (DIC). In both composite systems, localized tensile strain developed in the
transverse plane under the load platens prior to failure, producing non-linearity in the load–
displacement curve and AE signals. In situ SEM diametral compression tests revealed the
development of matrix microcracking and debonding in regions of localized strain, perpendicular to
the tensile strain direction (parallel to the load axis). Comparison of linear finite element simulations
and experimental results showed a deviation from linear elastic behavior in the load displacement
curve. The apparent transverse modulus, in plane shear modulus, and transverse tensile strength of
the GF rod was greater than that of the CF rod, and fracture surfaces indicated greater fiber/matrix
adhesion in the GF system compared to the CF system. A mixed mode fracture surface showed that
two failure modes were active – matrix tensile failure and matrix compression failure by shear near
the loading edge.
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1. Introduction
High-voltage composite reinforced conductors (CRCs) generally consist of Al wires (to carry
current) wrapped around a hybrid composite rod (to provide mechanical support) comprised of a
glass fiber (GF) shell and a carbon fiber (CF) core [1], [2], [3], [4] and [5]. The advent of CRCs has
led to investigations to determine the effect of intense mechanical loads, thermal and moisture
exposures on such hybrid composite rods. Overhead conductors (power cables) must retain loadbearing capability for several decades with little or no maintenance. As a result, studies have focused
on retention of mechanical properties, particularly longitudinal strength, under aggressive
environmental conditions and loads [2] and [3]. Progress has been made to better understand factors
affecting the durability of CRCs, although several fundamental issues have not yet been addressed.
One such issue concerns the effects of stress concentrations and the associated development of
localized strains and modes of failure under complex loading conditions. For example, mechanical
collets are used to attach the composite rods at lattice tower nodes, and these fixtures achieve traction
by applying transverse loads on the rod surface. Recent studies have shown that transverse loads on
the composite core can increase longitudinal stresses and promote fatigue crack propagation under
cyclic tensile loads [5]. However, the effect of transverse loads on the in-plane behavior of pultruded
composite rods is not yet fully understood.
Because of the cylindrical geometry and the intermingling of carbon and glass fibers in the core/shell
design of the hybrid composite rod, accurate measurement of transverse properties poses difficulties,
and conventional composite laminate test methods cannot be used. Thus, alternative techniques must
be considered to measure transverse properties and understand fundamental behavior in the
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transverse plane. The diametral compression test (also known as the Brazilian disk test) has been
used to measure the hardness and strength of pharmaceutical pills [6], the splitting tensile strength
of rock core and concrete specimens [7], [8] and [9], and the apparent tensile strength of brittle
materials that cannot be machined into conventional dog bone specimens [10]. Because of the
simplicity of the test setup, the diametral compression test has also been used to measure transverse
properties of oriented polymeric fibers [11]. Some studies have shown that flattening the ends of
brittle cylindrical disks increased transverse tensile strength values by altering the modes of
failure [12].
The analysis of a cylinder exposed to a concentrated line force applied at opposite sides is a classical
problem for verification of theoretical and experimental methods to determine the exact state of
stress or strain in a structural member [13]. The objective of this study is to understand the transverse
material response of two pultruded composite rods subject to diametral compression loading.
Diametral compression tests were conducted and the material response was observed and analyzed
using acoustic emission (AE), digital image correlation (DIC), and finite element analysis (FEA).
The mode of failure in the plane was determined by in situ SEM investigations.

2. Experimental procedure
2.1 Materials
Two types of unidirectional composite rods were acquired for diametral compression testing
(Composite Technology Corporation, Irvine, CA). The rods consisted of unidirectional carbon (CF)
or glass fibers (GF) in an epoxy matrix (proprietary). The two composite rods featured the same
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epoxy and fibers used for the core (CF) and shell (GF) of the hybrid composite rod in CRCs. The
all-carbon and all-glass rods (7 mm diameter) were produced by pultrusion, and are shown in Fig.
1. The fiber volume fraction was ∼70% in both rods, with fiber diameters of ∼8 μm (CF) and
∼25 μm (GF). Test specimens were cut to a length of 152 mm, the length of compression platens
used in the experiment.

Fig. 1.Pultruded carbon fiber and glass fiber rods with common matrix.

2.2 Diametral compression and digital image correlation
A mechanical testing machine (Instron 5585) was used to apply diametral compression to the
samples at a loading rate of 0.1 mm/min. The acoustic emission (AE) technique was employed
during the tests to detect signals associated with damage. A single acoustic emission resonance
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transducer (300 kHz Micro 30, Physical Acoustics PCI-2) was placed on each rod to detect acoustic
emission activity. Additionally, as each composite rod was compressed, a microscope was used to
record images during loading to determine true displacements at the cylinder edges, as shown in Fig.
2a.

Fig. 2. (a) Keyence microscope and Instron used for DIC, (b) cross section of composite rod showing black
and white random speckle pattern, and (c) displacement of GF rod at 33 kN.

Digital image correlation (DIC) is a non-contact strain measurement technique that is used to
measure non-uniform full-field displacements. To measure in-plane strains, white and black paint
were sprayed in succession onto the rod surface to produce a random speckle pattern, as shown
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in Fig. 2b. The vertical displacements shown in Fig. 2c were determined by direct DIC measurements
provided inputs for an analytical solution and a finite element model. Two-dimensional DIC was
performed using commercial software (VIC-2D, Correlated Solution, Inc.).

2.3 Finite element analysis
Finite element analysis was performed to simulate the load–displacement response and strain
distribution during diametral compression tests. A 3D, transversely isotropic, linear elastic model
was developed using measured transverse properties (ET, Gxy, νyx), determined experimentally. The
specimens were modeled to represent the geometrical features of the test setup using exact
dimensions from the experiment. Load and boundary conditions were simulated with FEA software
(ABAQUS) using 50,160 elements and a general-purpose brick element (C3D8R). The analysis
involved a single step, in which a vertical displacement (determined via DIC) was applied using an
analytically rigid surface and the reaction load was obtained.

2.4 Determination of transverse modulus
Jawad and Ward [14] developed a relationship for transversely isotropic materials from elasticity
theory, relating the apparent transverse modulus (ET) to the vertical displacement (uy), load (F),
length (L) and radius (R) for a diametral compression test:

(1)
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Eq. (1) is valid when the contact area under the loading platens is much less than the diameter of the
cylinder, and has been used to determine transverse modulus values for continuous fibers [11], and
was used to determine the transverse modulus of the composite rods from experimentally determined
load and vertical displacement values.

3 Experimental results
3.1 Transverse behavior
The in-plane behavior and apparent transverse modulus (ET) of each CF and GF composite rod were
determined from diametral displacement(s) and corresponding load(s). Fig. 3a shows typical loadcrosshead displacement curves for both composite rods and the amplitude decibel (dB) output for
each detected AE hit. Correlation of AE amplitude distributions with different failure modes has
been reported previously [15]. In many cases, authors use the AE amplitude distribution to identify
specific damage mechanisms [15]. The initial, non-linear concave inflection of the curve is
characteristic of Hertzian contact behavior [14]. The first burst of AE emission shown in the figure
corresponds to this initial contact region. After this inflection, the load response was approximately
linear up to failure, at which point the load dropped and a diametral crack appeared within the plane
in both composite rods. Clusters of AE activity were apparent, showing detection in a dB output
range of 30–60 dB, and final failure producing an output of 80–95 dB, corresponding to the diametral
crack and the load drop. The increase in AE emission behavior before the load drop was an indication
that damage mechanisms were active because the increase in the number of AE events is usually
associated with increased damage [15]. However, it is incorrect to assume that the all the detected
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AE hits correspond to active damage mechanisms. The peak frequencies of the detected AE hits
were also determined, and it was found that the initial peak frequencies for both rods up to the
concave inflection point (at lower loads) were low, between 30 and 90 kHz. A typical waveform of
a detected AE hit before final failure is also shown at the top of Fig. 3a. The waveform of the
indicated hit before final failure shows a decibel output of 48 dB with a peak frequency of
173 kHz. Fig. 3b shows the maximum frequency distribution for the detected AE hits after Hertzian
contact (post inflection point) and before the final failure AE burst. The majority of these detected
peak frequencies for both composite rods were between 120 and 240 kHz, a frequency range which
has been shown to be associated with matrix cracking in polymer composites [16]. Fig. 2c shows a
vertical displacement field (measured by DIC) at ∼33 kN for the GF composite rod. The measured
DIC surface displacements in the figure show that the top and bottom regions of each composite
surface were displaced downward because of vertical motion of both platens under the imposed load.
The true displacement (utrue) is the difference between the displacement from the top (utop) and
bottom (ubottom) regions of the composite surface, (utrue = utop − ubottom). The true displacement (utrue)
was determined from successive images recorded at incremental loads.
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Fig. 3. (a) Typical load vs. crosshead displacement curves for the CF (left) and GF rods. (b) Typical peak
frequency distribution for each CF and GF rod.

The load vs. true displacement (utrue) curve is shown in Fig. 4a and b for both the CF and GF
composite rods, indicating different behavior than shown in Fig. 3. The curves show three stages of
deformation. Stage I represents the initial Hertzian contact region, while Stage II represents a linear
elastic response of each rod. As both composites deformed in compression, a displacement and load
were reached where inelastic behavior was apparent. The deviation from linearity was not observable
in the load–displacement curves of Fig. 3, but was consistent with AE data which indicated active
damage mechanisms. The reduction in slope shown in Fig. 4a and b reflects this behavior and is
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denoted as Stage III. While the composite rods continued to deform, the reduction was permanent,
although both rods continued to support higher loads up to the point of failure.

Fig. 4. (a) Load vs. true displacement curve for CF rod, (b) Load vs. true displacement curve for GF rod,
and (c) variation of apparent transverse modulus as a function of true displacement.

Eq. (1) was solved numerically for ET by inputting an experimental load value, assuming an initial
value for ET, and comparing the analytical displacement (uy) with the true displacement (utrue) at the
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given load. Iterations were performed to minimize error in the value of ET and promote convergence
between the analytical and true displacements. Thus, the value of ET was adjusted so
that uy equaled utrue for a specific load, shown inFig. 4a and b as the analytical solution data.
The adjustment of the apparent transverse modulus for both the CF and GF rods as a function of true
displacement is shown in Fig. 4c. Both curves show an increase in ET for Stage I, with a peak and
plateau in Stage II. The steady state value of ET occurs in Stage II, where the CF and GF rods had
average values of 10.78 ± 0.26 GPa and 12.8 ± 0.48 GPa respectively. While Eq. (1) is appropriate
for determining elastic constants only in the linear elastic region (Stage II), values were determined
for Stage III to quantify the effect of localized damage on bulk transverse properties, as shown in Fig.
4c. During Stage III, ET decreased for both the CF and GF rods, but the CF rod showed a greater
loss in apparent modulus compared to the GF rod (∼25% vs. ∼15% loss) at the end of Stage III
(before final failure). Thus, damage mechanisms caused a reduction in the load–displacement
response, with greater deformation and softening occurring in the CF rod. The transverse behavior
of a composite is typically matrix dependent, but the fiber type and fiber architecture also contribute
to the strength and modulus values. The GF rod showed a slightly greater apparent transverse
modulus than the CF rod with equivalent fiber volume fraction and matrix. Studies have shown
that ET increases with an increasing Ef:Em ratio, and ET also shows a greater dependence at a
higher Vf, where subscripts f and m are fiber and matrix, respectively [17]. The glass fiber is isotropic,
with equivalent longitudinal and transverse properties that are ∼6× greater than the transverse
modulus of the transversely-isotropic carbon–fiber, which contributes to the observed
greater ET value for the GF rod.
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The load–displacement behavior for diametral compression was simulated using a linear FE model.
The transverse property inputs used were the average values of ET from Stage II (10.78 and 12.8 GPa
for the CF and GF respectively) for both composite rods as determined from Eq. (2), and longitudinal
properties were used from a previous paper (5). The load–displacement curves for the FE simulation
for each composite rod are also shown in Fig. 4a and b, and simulated curves match the measured
curves within 5% in the linear elastic region (Stage II). The agreement between the experimental
and simulation results during Stage II indicate that the diametral compression test is a suitable
method for determining the transverse modulus of pultruded composite rods. The experiments show
deviations from linearity for both composite rods in Stage III. This bifurcation from linearity was
more pronounced in the CF rod, as the GF rod behaved linearly for a greater portion of the curve.

4 Experimental results
4.1 Localized strain development
During diametral compression, a contact zone developed near the platen edges where the applied
load became distributed over a finite region on the composite surface [18], which led to the
development of in-plane shear and compressive strains. Fig. 5a shows the development of
compressive (ɛy) and shear strains (γxy) near the loading edges from DIC and FE simulation for the
CF composite rod at ∼17 kN (Stage II). The shear strains arise on either side of the diametral line,
but are zero along the line (x = 0), and axial-symmetry exists in both DIC and FE contours. The
shear stress state at any point within a cylinder under diametral compression can be determined
from [19] and [20]:
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(2)

Fig. 5. (a) Compressive and shear strain contours of CF rod from DIC (left) and FEA analysis (right) under
17 kN. (b) Compressive strain distribution along diameter line of CF rod at 17 kN.

The shear stress for a given load in the linear elastic Stage II region was determined for both
composite rods using Eq. (2). The (x, y) coordinates and the measured DIC shear strains (on either
side of the diametral line-see Fig. 5) at each load value were determined from the contour maps via
DIC. The analytical shear stresses and experimentally measured shear strains at specific loads (in
Stage II) were used in combination with Hooke’s law

to determine the in plane shear

modulus. The values of the in plane shear modulus (Gxy) were 5.65 ± 1.05 GPa and 6.5 ± 0.96 GPa
for the CF and GF rod, respectively and these values were used as transverse property inputs in the
FE model.
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The development of transverse tensile (ɛx) and compressive strains can also be determined
analytically. The transverse tensile stress (σx) and compressive stress (σy) in the plane of a cylinder
(with a diameter, D) under diametral compression are independent of material properties and
orientation [15], and have been solved by Hertz with the following distribution along the diametral
line (x = 0):

(3)
Although this solution is for a point load, it is appropriate within the transverse plane. However,
disagreement occurs near the rigid boundary contact point, [10] where analytical solutions are
invalid. The stress field formed within the plane is the same for either plane stress or plane strain
conditions [18]. The analytical expressions show that the transverse tensile stress σx is maximum
and constant along the diametral line (x = 0), while at the center of the cylinder (y = 0), the
compressive stress (parallel to the load direction) is equal to −3σx

and increases towards either

loading edge. To determine the corresponding analytical strains, Hooke’s law was used with a
transverse Poisson’s ratio

. The Poisson’s ratio used for the FE model was ∼0.69 for

both composite rods. However, significant variation was evident, with values ranging from 0.40 to
0.69 for both the CF and GF rods determined at various loads (in Stage II) and was markedly higher
from typical values of 0.21–0.28 [5]. Under pure transverse compression tests, the initial Poisson’s
ratio was 0.3–0.4, and with increasing load this value reached 0.6–0.7, due to micromechanical
behavior including debonding between fiber and matrix. There have also been reports of Poisson’s
ratio values equal to 0.66 for unidirectional composites with high volume fraction of fibers [26].
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The FE simulations were performed using measured transverse properties (ET, Gxy, νyx), and Fig. 5b
shows the compressive strain distribution along the diametral line (x = 0) up to the loading edge.
Simulations were also performed at a lower transverse Poisson’s ratio (see Fig. 5b). The strain
distributions from DIC, FE (υyx = 0.21 and 0.69), and analytical compressive strains at ∼17 kN (Stage
II) are shown for the CF rod. The results in Fig. 5b show that compressive strain was greatest just
under the loading edges. The large compressive strains showed a weak dependence on the Poisson’s
ratio, as the compressive strain simulation for υyx = 0.21 was similar to the simulation for υyx = 0.69
along the diametral line.
The transverse tensile strain distribution determined from DIC at a load of 23 kN (Stage II) is shown
in Fig. 6a for the GF composite rod. Fig. 6b shows the distribution of transverse tensile strains
extending vertically from the center of the rod, approaching the rod edges for the DIC measurement,
the FE simulation, and the analytical solution. The results show that the most intense transverse
tensile strain occurs in a region ½ mm below the contact points. However, the tensile strains were
roughly constant along the diametral line when a Poisson’s ratio of 0.21 was used (under the same
load). Tensile strain concentrations occurred in both composite rods under the loading edges as a
result of localized debonding and microcracking. These cracks formed by transverse tension, caused
by the high compressive strains under the loading edge, leading to a high

ratio measurement.

The transverse Poisson’s ratio input of 0.69 for the FE model characterizes this localized strain
effect. The measured (DIC) and FE transverse strain distribution both show high strain values (∼1%)
in a localized region.
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Fig. 6. (a) Transverse tensile strain contours from DIC for GF rod at 23 kN and (b) transverse tensile strain
distribution along diameter line for GF rod.

Fig. 7 shows the evolution of tensile strain (measured by DIC) in the CF rod as a function of applied
load along the diametral line. At higher loads in Stage III, the tensile strain concentration increased
significantly and became more localized under the platen edge, up to 2%. In situ SEM diametral
compression tests were performed on CF samples to determine if and where damage mechanisms
occurred during Stage III. Evidence of microcracking and debonding that led to the observed
weakening in Stage III under the loading edges is shown in the SEM image. The localized ɛx strain
concentrations were a result of the development of matrix microcracks along the fiber/matrix
interface, extending perpendicular to the direction of the concentrated transverse tensile strain
(parallel to the loading axis). These microscopic damage mechanisms coincided with the early AE
activity shown in Fig. 3, and are consistent with studies indicating that lower amplitudes correspond
with matrix cracking [21]. The onset of Stage III shown in Fig. 4 reflects the development of multiple
matrix microcracks and high tensile strain concentrations in both composite rods. The top and
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bottom regions of the cylinder in Fig. 6 and Fig. 7 show the distribution of transverse tensile strain
was localized, indicating that the bulk of the material in the plane continued to deform elastically
(without microcracks) until final failure.

Fig. 7.Transverse tensile strain evolution in CF rod from DIC, formation of microscopic crack
perpendicular to tensile strain direction in the strain concentration region.

5 Discussion
The centers (x = 0, y = 0) of both composite rods were exposed to a biaxial stress state of transverse
compression and transverse tension in the linear elastic region. It has been shown that the apparent
transverse tensile strength (TTS) (using Eq. (3) and the load at failure) measured by diametral
compression is expected to be approximately equal to the uniaxial transverse tensile strength of
pultruded composite rods [22]. This assertion relies on the assumption that failure initiates from the
rod center. For comparative purposes, the apparent TTS values (from an average of five samples)
for the CF and GF composite rods were 21.62 ± 0.66 MPa, and 23.96 ± 0.85 MPa respectively. The
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transverse compressive stress is three times the tensile stress at the rod center, and increases
significantly near the loading edges. These high transverse compressive stresses lead to transverse
tensile strains, contributing to the formation of localized microcracking and debonding under the
loading edges in the tensile direction. This form of tensile damage indicates that compressive stresses
will reduce the nominal tensile stress to cause failure because of induced initial tensile strains. Thus,
the apparent TTS can be a useful global indicator of relative transverse tensile strength among
different composite rods (with different diameters and fiber types), but is a conservative estimate of
TTS since the loading geometry forces a biaxial stress state, where the transverse compressive stress
contributes to transverse tensile failure.
Microcrack coalescence led to a macroscopic crack along the diametral line (at the failure load) with
a corresponding peak in AE activity, as shown in Fig. 8a for the GF rod and CF rod. Final failure
was confined to the central region of the cylinder, and was brittle and catastrophic in nature; causing
an instantaneous drop in load. Fig. 8b shows the deflection of the crack at an angle near the loading
edges. Fig. 5a and b shows that both shear and compressive strains develop on either side of the
diametral line, and this corresponded to the region where crack deflection occurred. The initial
microcracking in the composite rods was governed by the principal direction of tensile strain, and
final failure occurred along the diametral line where tensile stresses and strains were the highest.
Since this was the only form of localized damage occurring before final failure, the orientation of
the shear fracture planes depended on the shear (τ) and normal (σ) tractions, (obtained from the
components of the stress tensor at failure) and fracture angle at a specific point, as discussed in [23].
Since the fracture angle was no longer perpendicular to the tensile direction, the fracture criteria
changed, and showed similar failure angles produced by pure transverse compression [24]. Crack
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angles under transverse compression can be greater than 45° because failure occurs on a plane where
the shear traction (τ) reaches a critical value that is dependent on the normal compressive traction
(σ) based on the Mohr–Coulomb criteria [24] and [25]. Thus, mixed mode final fracture was
observed, showing both matrix failure by tension along the diameter and shear failure due to
dominant compressive and shear traction near the loading edges.

Fig. 8. (a) Diametral crack in GF and CF rod at failure with angled fracture near loading edges. (b)
Fracture morphology showing bare CF fibers and residual glass fiber/matrix adhesion.

Fig. 8b shows the fracture surfaces of the GF and CF rod in the longitudinal direction. The CF surface
reveals bare fibers with little residual matrix attached, and regions of pure matrix with no fibers,
indicating complete fiber–matrix separation. The GF fracture surface shows some residual adhesion
of matrix to fibers, and some fibers embedded in the matrix. The fiber–matrix bond strength strongly
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affected the transverse behavior of the composite rods. The fracture surfaces indicated that the
fiber/matrix bond in the CF rod was more prone to separation under transverse conditions when
compared to the GF rod, and this was reflected in lower transverse modulus, strength values, and
fractography. The mechanisms of interfacial bond strength depend primarily on the chemical bond
and reactivity between fiber and matrix. Sizing coupling agents are applied to fiber surfaces as a
means to provide a chemical link between the fiber and matrix, where co-reactivity of the sizing
agent with both the fiber and matrix through covalent bonds produces molecular continuity [26].
The mechanisms of interfacial bonding of carbon fibers and polymer matrices have complications
primarily caused by the high reactivity and absorbing nature of the carbon fiber surface [27].
However, such coupling agents used on the fibers in this study are proprietary, so the exact chemical
cause for the higher degree of adhesion in the GF composite rod over the CF composite rod is
speculative, and requires analysis that is beyond the scope of this work.

6 Conclusions
Diametral compression tests were performed on CF and GF pultruded composite rods to determine
the effect of transverse loads on in-plane behavior and the GF composite showed greater resistance
to transverse deformations and fracture than the CF rod. DIC was used to capture displacement and
strain, and inelastic behavior was observed through changes in the load–displacement curve. The
distribution of strains in the transverse plane of the composite rod showed a region of localized
tensile strains under the loading edges which resulted from the formation of matrix microcracks and
debonding. These cracks caused a reduction in load-bearing capability of both rods. Final failure
Please cite this document as N.K. Kar, Y. Hu, B. Ahn, and S.R. Nutt, “Diametral compression of
pultruded composite rods” Composites Sci & Tech 72 [11] 1283-1290 (2012).
DOI<http://dx.doi.org/10.1016/j.compscitech.2012.05.001>

occurred along the diameter, as a crack formed parallel to the direction of applied load, with shear
failure near the loading edges.
While service loads will produce stress and strain conditions more complex than those considered
here, the results provide insights into basic transverse behavior and development of associated
damage mechanisms. The diametral compression test combined with DIC provides a means to
directly measure transverse and in plane shear modulus, while in previous studies, an adapted
Eshelby model was used to provide estimates of these properties [28] and [29]. Although
approximations of material properties are often useful to provide engineering estimates, accurate
property measurements in both the transverse and longitudinal directions are preferable for
predictive modeling of component durability and lifetime. The deformations produced in this study
were relatively simple, but yielded combined fracture modes, an indication of the complexity of
composite fracture mechanics.
The findings presented here have implications for the intended application of such rods in overhead
conductors (CRCs), which generally feature a GF shell around a CF core. The primary purpose of
the GF shell of the rods is to prevent galvanic coupling between the CF core and the over-wrapped
Al wires [4]. Attaching the conductors to lattice towers requires collet fixtures that grip the
composite rods. In doing so, the collets introduce contact and transverse loads that include simple
diametral compression, but generally are more complex. The well-documented susceptibility of
unidirectional composites to surface wear and transverse crack damage may dictate measures to
mitigate stress concentrations, or consider alternative fiber architectures to provide greater resistance
to surface damage from localized stresses resulting from such grips.
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