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Abstract Palmetto wood is garnering growing interest as a
template for creating biologically-inspired polymer compo-
sites due to its historical use as an energy absorbing
material in protective structures. In this study, quasi-static
three-point bend tests have been performed to characterize
the mechanical behavior of Palmetto wood. Full-field
deformation measurements are obtained using Digital
Image Correlation (DIC) to elucidate on the strain fields
associated with the mechanical response. By analyzing
strain fields at multiple length scales, it is possible to study
the more homogeneous mechanical behavior at the macro-
scale associated with the global load-deformation response;
while at the microscale the mechanical behavior is more
inhomogeneous due to microstructural failure mechanisms.
Thus, it was possible to determine that, despite the presence
of discontinuous macro-fiber reinforcement, at the macro-
scale the response is associated with classical bending and
progressive failure processes that are adequately described
by Weibull statistics proceeding from the tensile side of the
specimen. At the microscale, however, the failure mecha-
nisms giving rise to the macroscopic response consist of
both shear-dominated debonding between the fiber and
matrix, and inter-fiber matrix failure due to pore collapse.

These microscale mechanisms are present in both the
compressive and tensile regions of the specimen, most
likely due to local macro-fiber bending, which is indepen-
dent of the global bending state. The pore collapse
mechanism observed during mechanical loading appears to
improve the energy absorption of the matrix material, thereby,
transferring less energy and shear strain to the macro-fiber-
matrix interface for initiation of debonding. However, the
pore collapse mechanism can also accumulate substantial
shear strain, which results in matrix shear cracking. Through
these complex failure mechanisms, Palmetto wood exhibits a
high resistance to catastrophic failure after damage initiation,
an observation that can be used as inspiration for creating new
polymer composite materials.
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Introduction

Palmetto wood is a natural heterogeneous material with
hierarchical structure that has exhibited extraordinary
energy absorbing capabilities when used as a protective
structure during both the Revolutionary and Civil Wars.
Hierarchically-structured materials like Palmetto wood
have recently drawn the attention of researchers interest-
ed in understanding how their unique structure leads to
optimized properties (e.g., low density accompanied by
high mechanical strength) that may serve as inspiration
for development of engineered materials. Efforts have
already been made to prepare biologically-inspired,
synthetically-based, hierarchically-structured engineering
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materials [1]. To do so, an in-depth understanding of
structure-property relationships and failure mechanisms in
the inspirational material is necessary. For example,
assessing the microscale mechanical behavior is helpful
in understanding the macro-scale fracture process in wood
[2].

The unique hierarchical structure of the fibers in
Palmetto wood to achieve mechanical strength and serve
the biological purposes and its relationship to the mechan-
ical behavior of the fibers has recently been characterized at
multiple length scales and related to the mechanical
behavior of the fibers [3]. Through the use of optical
microscopy, the hierarchical structure of the Palmetto wood
was established previously, as shown in Fig. 1 over length
scales ranging from the scale of Palmetto tree to the
scale of the microfibers within the macrofibers embedded
in the porous cellulose matrix. The volume fraction of
macrofibers of diameters of approximately 300–500 μm
was determined to be 12% and 20% in the optically dark
and light regions respectively. Gas pycnometry had been
utilized to characterize the porosity in the cellulose
matrix, as well as the bulk and true density of the
Palmetto wood.

In this previous work, the understanding was limited to
the elastic behavior and strength of the Palmetto. However,

there is a need for a more advanced mechanical character-
ization of the inelastic behavior of Palmetto wood at
multiple length scales to improve understanding of the
mechanisms that give rise to its extraordinary energy
absorbing capacity. Therefore, to understand the inelastic
behavior of Palmetto wood, and thereby provide the
foundation for developing heterogeneous materials with
similar properties, appropriate mechanical characterization
techniques are needed to elucidate on the deformation
process at different length scales. Macro-scale measurement
techniques employing point-wise contact-based methods,
such as strain gauges and extensometers, are suitable for
determining global deformation and loading conditions
associated with a homogenized strain response. However,
micro-scale deformations are typically more inhomoge-
neous and require more advanced techniques, such as
photoelasticity and interferometric techniques. These opti-
cal measurement techniques have several key advantages
over point-wise contact-based techniques; most notably
they are non-contacting and allow full-field measurements
and digitization for computational analysis [4].

The most popular optical measurement techniques for
measuring inhomogeneous deformation fields at different
length scales include interferometry-based techniques, such
as Moire, holography, and speckle, as well as non-

Fig. 1 Cross-section of hierarchical structure in Palmetto wood previously obtained using optical microscopy [3]
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interferometric techniques like marker techniques [4, 5] and
digital image correlation [6]. Moire interferometry [7–10],
holographic interferometry [11, 12] and speckle interferom-
etry [7, 8, 13–18] have been employed extensively for
nanoscale and microscale deformation measurements. A
major disadvantage of interferometric techniques is the level
of surface preparation required to ensure reflection and
interference, which can be extremely challenging for
materials like Palmetto wood [19]. Marker methods have
proven to be more useful for deformation measurements at
multiple length scales. In these approaches, a pre-marked (by
grid or dot) specimen is used for the experiments and the
marks on the specimens are tracked to obtain the deformation
field [20, 21].

Digital Image Correlation (DIC) is another full-field
deformation measurement technique that has been suc-
cessfully applied at multiple length scales. The DIC
method has been widely accepted and frequently used for
planar full-field deformation measurement. Since the DIC
method employs both optical imaging and digital image
processing, it is oftentimes considered a hybrid technique
coupling optical imaging with numerical computing. DIC
compares the digitized images of an undeformed (refer-
ence) specimen to multiple images of deforming speci-
men to yield full-field displacement and strain fields [22,
23]. DIC can be applied at the microscale and nanoscale
with an appropriate speckle pattern [24]. Generally, a
random speckle pattern that does not include a very high
density of only high or low grey levels (well-spread) is
considered appropriate for DIC. Also, DIC can be used at
multiple length scales by using cameras with sufficiently
high resolution.

DIC has been used for characterizing inhomogeneous
deformations at different length scales in many applica-
tions. For example, it has been previously used for inter-
and intra-granular deformation measurements [25]. It has
also been found to be particularly suitable for strain
measurement in inhomogeneous, anisotropic, non-linear
materials [26]. For example, Gonzalez and Knauss [27]
used the DIC technique to capture local strain inhomoge-
neity in a particulate composite due to an applied globally
homogeneous strain. DIC has also been used to capture
nonuniform deformation fields in a variety of materials
including concrete [28], polymeric foam under compression
[29], plastic deformation of binary aluminum alloy [30] and
closed-cell aluminum alloy foam [31], among their appli-
cations. DIC has been found to be useful in strain
measurement [2, 32] and fracture studies [33] in wood.
For example, DIC has been used to measure strains around
a knot in wood during three-point bend test [2]. In that
particular case, the natural texture of wood can serve as the
speckle pattern for DIC. Thus, DIC is a proven optical
measurement technique for nonuniform strain analysis in

materials such as wood, and would be highly suitable for
the mechanical characterization of Palmetto wood at
multiple length scales.

In this paper, a more detailed understanding of failure
mechanisms in Palmetto wood at several length scales is
investigated at multiple length scales using DIC. Testing is
conducted using quasi-static three-point bending in order to
characterize the microstructural failure mechanisms in a
more complex stress state that can initiate multiple failure
mechanisms. These measurements are then used to identify
and quantify the evolution of the failure mechanisms of
Palmetto wood at the microscale in order to relate them to
the macroscopic response. Thus, for the first time it will be
possible to understand how these failure mechanisms
translate across multiple length scales in a natural
hierarchically-structured material that may serve as a
template for biologically-inspired polymer composites. In
previous work, a model laminated composite structure
inspired by Palmetto wood was reported and the effects of
the bioinspired hierarchical structure on the mechanical
behavior was characterized [3]. The bioinspired laminated
composite exhibited higher flexural energy density and its
Weibull failure statistics were enhanced and found to be
closer to those of Palmetto wood.

Experimental Method

The motivation of choosing three-point bend test as a
characterization technique lies in the versatility of the stress
state in the specimen due to the presence of both
compressive and tensile axial strains, as well as shear
strain, in the specimen. Three-point bend specimens with
dimensions 100×9×9 mm3 were prepared from a harvested
Palmetto tree for the present study with a volume fraction
of macro-fibers of 12%. Tests were performed in an Imada
model MX 500 load frame [Fig. 2 (a)] with a Z2H-440
2 kN load cell that has a load resolution of 0.1 kg. The load
on the specimen was obtained using the load cell attached
to the base of the three-point bend test fixture, while
vertical displacement of the load point was determined
using a dial caliper attached to the load cell with a
displacement resolution of 10 microns. Supports for the
three-point bend test fixture were 62.5 mm apart, and the
specimen was loaded in two different optical configu-
rations: (1) images acquired of the central region of the
specimen for macro-scale tests, and (2) images acquired
focusing on region near the central loading point of the
specimen for microscale tests. The specimen was loaded
with the fibers oriented transverse to the loading
direction. Quasi-static bending was performed under
displacement control at a macro-scale flexural strain rate
1.6×10−4/sec.
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Fig. 2 (a) Three-point bend test set up and specimen configuration used to characterize the deformation of Palmetto wood at multiple length
scales, and (b) Images of deformed Palmetto wood in three-point bending. The natural texture of the wood was determined to be sufficient for
DIC analysis (c) Fields of view at several magnifications demonstrating the multiscale deformation measurement methodology where the interface
is denoted by a dashed line and the matrix and macrofiber by M and F, respectively. The images are of different specimens that were sequentially
tested at several magnifications
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The Palmetto wood surface texture was good enough for
texture image correlation at all length scales, which
obviated the need to apply an artificial speckle pattern. A
Flea 2 digital camera (Point Grey Research, Richmond, BC,
Canada) with 2.0 Megapixel resolution was used to capture
the images of specimen during the test with a very high
signal-to-noise ratio. The specimen surface was illuminated
by a MI-150 high intensity fiber optic illuminator from
Edmund Optics (Barrington, NJ, USA). The specimen and
its failure under three-point bend test are shown in Fig. 2
(b). The DIC analysis was performed using a commercially
available software Vic-2D from Correlation Solutions Inc.
(Columbia, SC, USA).

Tests were performed sequentially and repeatedly on
different samples at several magnifications in order to
reliably measure deformations at multiple length scales.
The fields of view at multiple length scales are depicted in
Fig. 2(c). The images demonstrate the multiscale measure-
ment methodology. In these images, M and F indicate
porous cellulose matrix and macrofiber respectively while
the interface is denoted by a dashed line. As mentioned
earlier, the tests were performed on different specimens and
the images only show the relative magnifications at which
the deformation measurements were performed. The small-
est subset size compatible with the surface texture of the
image was used for image correlation.

Experimental Results

Deformation Measurement at Macro-Scale

Representative flexural stress-strain response of the
Palmetto wood specimen in three-point bending and the

fit of a Weibull distribution for the failure response of a
bundle of fibers are depicted in Fig. 3 [3]. As a first order
approximation, the flexural stress, flexural strain and strain
energy for a specimen with cross-section 9.5×9.5 mm2

and support span length of 62.5 mm are calculated using
the classical relations for homogeneous isotropic materials
given by:

s ¼ 3PL

2bh2
; " ¼ 6dh

L2
;U ¼

Z"

0

s d"0 ð1Þ

where P is the applied load, L is the support span, b is
specimen thickness, h is specimen height, and δ is the
deflection. For these specimen dimensions, the cross-
sectional area is nearly 400 times the cross-sectional area
of an individual fiber in the macro-fiber bundle, so the
global behavior should be considered macroscopic. The
bulk flexural modulus of this representative specimen was
determined to be approximately 500 MPa, and the
specimen failed at 4% elongation with a corresponding
nominal stress of about 10 MPa. The Weibull distribution
of the failure response for a bundle of fibers is given by:

s ¼ E" exp � "

"0

� �b
" #

; ð2Þ

where ε0 and β are the Weibull parameters and E is elastic
modulus. The Weibull parameters are chosen as ε0=0.05,
β=1.5 with elastic modulus (E) as 500 MPa [3]. The strain
energy up to the failure initiation has been determined to
be 3.0 J/cm2.

Representative displacement and strain fields obtained
using DIC at the macro-scale can be seen in Fig. 4 before
the onset of failure. The specimen in the image was 500
pixels in height, and DIC was performed using a subset size
of 25×25 pixel2 (0.45×0.45 mm2) for image correlation.
As can be noted from Fig. 3, the specimen can bear
substantial load after failure initiation and does not exhibit
catastrophic failure and absorbs significant amount of strain
energy during the multi-step failure response, a response
that is preferred for engineering applications where energy
absorption is important. Indeed, it was noted in a previous
study that fiber-bridging is the primary mechanism for
Palmetto wood to carry load post-failure [3]. The displace-
ment and strain fields shown in Fig. 4 correspond to point A
in the flexural stress-strain response of the specimen (Fig. 3).
The macroscopic displacement field is symmetric with
respect to the loading point indicating that at the macroscopic
scale, the behavior of the wood appears to be homogeneous.
However, the accompanying macro-scale strain fields reveal
a slight asymmetry with respect to the loading point that may
arise due to inhomogeneity from the macro-fiber distribution
in the wood along the specimen length.

Fig. 3 Representative quasi-static macroscopic flexural-stress strain
curve for Palmetto wood with a Weibull fit indicating that the failure
response conforms to a Weibull distribution
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The bending response of the specimen was evaluated
through the classical beam bending theory for homogeneous
isotropic material. The vertical displacement along the length
of the specimen is extracted from the DIC analysis as shown
in Fig. 5. The displacement field appears to be similar to that
expected from three-point bending of a homogeneous
isotropic material. The flexural strain is calculated from the
curvature-strain relationship in the beam bending of homo-
geneous isotropic material through a quadratic fit to the
displacement. The strain is determined to be 0.007, which
matches well with the axial strain of 0.006 directly obtained
from the DIC displacement field in the tensile region of the
specimen. Thus, it can be concluded at this length scale that
the behavior of the specimen is primarily homogeneous,

although there can be some slight asymmetry in the
displacement due to the distribution of macro-fibers.

The degraded modulus of Palmetto wood was also
determined by flexural unloading and reloading to evaluate
the nature of the damage evolution. The variation of the
degraded modulus normalized by initial modulus with the
maximum elastic curvature of the specimen, evaluated both
from theoretical calculations and experimental measure-
ments, is shown in Fig. 6 (a), and both the results match
well. The damage variable (D) based on the elastic energy
equivalence given by D ¼ 1� ðE=E0Þ1=2 has been deter-
mined, and regression fit using the progressive damage
evolution formula given by D ¼ Dlimf1� exp½�að"� "iÞ�g
is shown in Fig. 6 (b) [34]. The parameters of the

(a)

(b)

4 6v (pixels) 

-0.007 0.02εxy
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y 

Fig. 4 Macroscopic (a)
displacement (pixels) and (b)
strain fields in Palmetto wood
obtained under three-point
bending before the onset of
failure. The fields evidence
macroscopically inhomogeneous
behavior of the material. The
load level corresponds to point
A of Fig. 3
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progressive damage evolution are the upper bound limit for
material damage, Dlim=0.9, threshold strain for damage
initialization εi =0.034, acceleration factor of damage
evolution a=20.

Deformation Measurement at Microscale Within Elastic
Regime

Since Palmetto wood is a hierarchically structured material
over several length scales, images were taken at multiple
magnifications to elucidate the roles of the porous cellulose
matrix and embedded fibers in the failure process. Images
were captured at magnifications that were 10X higher than
the macro-scale to better quantify the mechanical behavior
of the Palmetto wood at what is considered to be the
intermediate microscale.

At this magnification, the macrofibers are 70–75 pixels
wide and separated by approximately 140–150 pixels at
20% volume fraction, so a subset size of 50×50 pixel2

(0.11×0.11 mm2) was used for image correlation. Spatially

cyclic strain distribution along the depth (vertical direction)
consistent with the fiber distribution starts to become
evident at this magnification (Fig. 7) and high shear strain
between fibers can be more easily discerned as shown in
Fig. 7 (b). The images are acquired at the compressive side
of the specimen approximately 2 mm from the central
support at the bottom side of the specimen. The load level
corresponds to a flexural stress of 1.4 MPa and flexural
strain of 0.2%, values that are well below the level required
for failure initiation. The strain field is consistent with a
highly inhomogeneous material response, with localized
strain that can lead to fiber-matrix debonding or matrix
failure. It can be noted in the strain fields from higher
magnification images that the material is prone to shear
debonding at the macro-fiber-matrix interface and within
the cellulose matrix, more due to the high shear strain
accumulation than to the tensile failure of the macro-fiber.
Furthermore, there is significant localization of normal
strain in between the fibers within the matrix that could
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Fig. 6 (a) The comparison of theoretical calculated and experimental
measured maximum elastic curvatures with respect to normalized
degraded modulus and the upper bound for constant stress, and (b)
evolution of the elastic energy equivalent damage, D, with total strain
along with a fit using the formula for progressive damage evolution
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y 

Fig. 5 (a) Vertical displacement field of the Palmetto wood specimen
under quasi-static three-point bend test that resembles typical
displacement field in three-point bending for homogeneous isotropic
material, (b) vertical displacement of the specimen along the line
(shown in (a)) and quadratic fit used to calculate the strain from beam
bending theory
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potentially lead to pore collapse (i. e., collapse of cellular
structure) and densification of the microstructure into layers
(i.e., stratification) as typically seen in ductile, porous
materials.

Images were also captured on the tensile side (i.e., top
side of the specimen) at a distance of approximately 5 mm
from the center support to elucidate the tensile strain
distribution. However, strain analysis on the tensile side

εyy  εxx  

εxy  

-0.002 0.002

x 

y 

1 mm

Fig. 7 Strain contours in
Palmetto wood during three-
point bending obtained in
compression region of specimen
at intermediate microscale
magnification exhibiting more
inhomogeneous shear strain
distribution consistent with the
porous microstructure of the
matrix, and strain distribution
along the depth (along white
dashed line). The shear strain
and transverse normal strain
varies cyclically with macro-
fiber (MF) and matrix
distribution

εxx  

εxy  

εyy  

-0.01 0.02 

x 

y 

1 mm

Fig. 8 Strain contours in
Palmetto wood during three-
point bending in tensile region
of the specimen at intermediate
microscale magnification, and
strain distribution along the
depth (dashed white line) with
similar variability due to
microstructure as observed in
compression region. Any
variability in strain magnitude
between compressive and
tensile regions is attributed to
differences in the macro-fiber
distribution
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of the specimen revealed that the strain distribution at the
macro-fiber-matrix interface remains the same as was
observed on compression side at the microscale, as shown
in Fig. 8. High shear strain is noted at the macro-fiber-
matrix interface and the strains vary cyclically with the
local distribution of the macro-fiber and cellulose matrix. It
is noted that there is a minor difference between the strain
distributions in the tensile and compressive regions which
might be due to variability in the macro-fiber distribution
within the Palmetto wood. Nevertheless, the basic micro-
structural response is found to be similar. Thus, the high
shear strain at the macro-fiber-matrix interface and similar-
ity in strain distribution is established irrespective of the
global deformation state in either the tensile or compressive
regions of the specimen.

Microscale strain measurements shown in Fig. 9 and
obtained when imaging at a higher magnification, indicate
substantially higher strain at the matrix-macro-fiber inter-

face than within the macro-fiber. In fact, the strain in the
fiber is an order of magnitude smaller due to the higher
rigidity of the fiber. The strain fields are shown for a
flexural stress of approximately 2.1 MPa and a global
flexural strain of 0.3% flexural strain, which is in the
nominally elastic regime. The displacement field in the
specimen, the vertical displacement profile and strain
distributions are shown in Fig. 9 (a) and (b). The bending
appears qualitatively similar to the classical bending of a
stiff fiber in a compliant matrix, however with the caveat of
asymmetry along the fiber. The asymmetry might occur due
to inhomogeneity in matrix stiffness. The curvature of the
macro-fiber in local bending at the microscale is used to
calculate microscale strain level, and is consistent with the
axial strain of 0.003 measured from the microscale DIC
displacement fields. The curvature of the specimen at the
macro-scale and that of the macro-fiber at the microscale
are found to be approximately similar at equivalent macro-
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Fig. 9 (a) Local bending of
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indicates the fiber-matrix
interface) (b) Strain fields in
Palmetto wood at second
intermediate microscale
obtained near fiber-matrix
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scale flexural strain level, which is approximately
0.001 mm−1. Thus, the flexural response translates from
the macro-scale to the microscale through the mechanical
behavior of the macro-fiber rather than through the porous
cellulose matrix. However, a positive transverse strain
occurs in the fiber that might result from the debonding of
microfibers within the macro-fiber due to local bending of
the macro-fiber as depicted in Fig. 9 (a).

High interfacial shear strain makes the material prone to
debonding. The strain fields in the fibers were more
homogeneous and smaller in magnitude as compared to
that in the matrix. This difference is not unexpected, since
the mechanical properties of the macro-fiber such as
stiffness are greater than those of the porous cellulose
matrix, and therefore the response is nearly rigid. To better
elucidate the interfacial strain distribution, images were
captured at 20X magnification. A subset size of 35×35
pixel2 (0.028×0.028 mm2) was used for image correlation.
The strain fields in Fig. 10 help to understand the difference
in strain level in macro-fiber and matrix. The strain fields
indicate high shear strain at the macro-fiber-matrix interface
and the normal strains are found to be much higher in the
matrix. However, the interfacial mechanics were found to be
the same as elucidated at the lower magnification, except the
high shear strain and compressive strain associated with pore

collapse is more clearly evident in the matrix at the interface
using higher magnification.

Deformation Measurement at Microscale Within Failure
Regime

To understand failure initiation, the strain field was
evaluated from the images captured just after the maximum
stress level had been reached (Fig. 11). The global stress
strain behavior obtained from homogeneous isotropic
assumption is shown. Comparing the strain fields obtained
at the microscale with observations of failure initiation in
the images [Fig. 11 (a), (b)], it would appear that crack
initiation within the cellulose matrix is dominated by shear
strain. The strain field in the pre-failure image can be used
to predict the failure initiation. The images correspond to a
global flexural stress of 11 MPa and flexural strain of 3%.
As can be noted from the strain fields, the shear strain at the
failure initiation site is much higher (6%) than the normal
strains (1%).

The process of shear cracking in the matrix was
evaluated at the highest magnification level of 20X from
the macro length scale. While debonding takes place in the
matrix-fiber interface due to shear strain, compressive
failure at the micro-scale level is noted (Fig. 12) due to

εxx 
εyy 

εxy

-0.006

200 μm

y 

x 

0.006

Fig. 10 Strains measured
200 μm into matrix at micro-
scale indicating concentration of
shear strains very close
(~0.25df) to the fiber-matrix
interface with associated pore
collapse which may allow the
shear strain to build up at the
interface (dashed white line)
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pore collapse (i.e., crushing) of the matrix. At lower global
strain levels, the matrix begins to undergo localized
compressive strain and shear strain at discrete locations.
However, as the global strain increases these strains begin
to coalesce into a band due to pore collapse, and a shear
crack begins to form as evidenced by the high levels of
shear strain along this band. The evolution of shear
cracking can be seen in Fig. 12.

Figure 12 demonstrates that compressive failure grows
faster than the tensile failure site, leading to a macro-crack.
Also, it is noted that higher compressive strain is
accumulated faster than the shear strain, as indicated by
the second strain contours in Fig. 12, where compressive
strain reaches 0.09% while shear strain is approximately
0.06%. The compressive strain was also evidenced to some
extent in larger length scale deformation measurements as
shown in Fig. 10. The collapse of the porous matrix

increases the local shear strain which generates potential
sites for the initiation of shear cracks as the global strain
increases. Hence, it is believed that the pore collapse
mechanism leads to shear accumulation. Furthermore, it is
most likely the mechanism by which the flexural response
can translate uniformly from the macro-scale to the
microscale in the macro-fiber, as was previously discussed.

To map the microscopic-to-macroscopic behavior of the
Palmetto wood, the strains at each length scale were
compared. The evolution of microscale local strains
obtained by DIC from the 10X magnification images
captured on the tensile and compressive side of the
specimen are tracked over the quasi-static bending process
with respect to the macro-scale flexural strain. The
evolution is depicted in Fig. 13. The microscale strains
are found to increase steadily with the macro-scale flexural
strain. The microscale transverse and shear strain increased

(a) 

(b)

ΔεΔε = 0.001 

εxy

εyyεxx 

-0.01

High shear
strain 

Failure 
initiation at
High shear
strain site

x

y

1 mm

0.06

Fig. 11 (a) Strain fields in the
Palmetto wood specimen under
quasi-static three-point bend
before failure initiation and (b)
failure initiation by shear
cracking in the cellulose matrix
after a macro-scale flexural
strain increment, Δε, of 0.001.
The failure initiation
corresponds to the high shear
strain site
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at rates similar to the macro-scale flexural strain after
failure, and faster than the microscale axial strain, which
was approximately half the rate of the macro-scale flexural
strain. Therefore, the faster increase in transverse and shear
strains is consistent with their dominance in failure
initiation. Furthermore, the accumulation of microscale
transverse strain is nearly identical in the compressive and
tensile regions. Since this strain is compressive, it is
responsible for the pore collapse mechanism and indicates
that pore collapse is independent of the global bending
state, most likely due to the local macro-fiber bending
previously characterized in Fig. 9. The evolution of the
microscale strain components at a different location on the
image is shown in Fig. 13 (e). The microscale strain is
shown to increase at slightly different rate than the previous

location, with a change in sign for shear strain due to
inhomogeneity of the specimen at the microscale.

The macroscopic shear strain before failure initiation has
been measured to be approximately 2% at the failure initiation
site (Fig. 4). However, microscale pre-failure shear strain (in
pore collapse) is determined to be as high as 4.5% (Fig. 12).
These shear strain magnitudes are plausible given the
hierarchical and inhomogeneous structure of the material at
multiple length scales. Since a significant accumulation of
strain at the microscale is required to initiate macroscopic
failure, the macroscopic stress is limited by the level of
microscale strain. Due to the compliance of the cellulose
matrix, the micro-scale strain is not completely transferred to
the higher length scale. The collapse of the cellulose matrix
helps it to “absorb” strain locally and redistribute it to
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correspond approximately to the
points 0, A, B, C in Fig. 13 (c)
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impede the initiation of macroscopic failure of the material.
As discussed earlier, the porous media is weaker as opposed
to the fiber material and does not transfer strain completely
to the fiber. The matrix material absorbs the strain, requiring
higher strain levels for macroscopic failure to initiate even
though microscale failure may initiate earlier, which means
microscale failure is actually initiating in the elastic regime at
the macroscale.

Discussion of Results

DIC analysis has been performed at multiple length scales to
understand the failure mechanism in Palmetto wood under
three-point bending with quasi-static load. Several possible

modes of failure are: (i) tensile failure on the tension side, (ii)
buckling (wrinkling) on compression side or (iii) inter-layer
delamination due to shear. Multiple length scale deformation
measurements are performed under quasi-static load. Two
types of cracking are noted in the specimens, namely macro-
fiber-matrix debonding and matrix shear cracking. Both types
of responses are found to be dominated by interlayer shear and
transverse compression.

At the macro-scale, specimens prepared from the
Palmetto wood exhibit more homogeneous material
behavior as evidenced by homogeneous strain fields.
The macro-scale bending can be mapped to that of a
homogeneous isotropic material. However, highly inhomo-
geneous deformations due to the fiber reinforcement and
matrix response can be distinguished at the microscale. The
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Fig. 13 Intermediate microscale
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compressive regions of the
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periodicity of fiber and matrix is evident from the periodic
nature of the shear strain distribution along the depth in
specimen. High shear strain is found at the macro-fiber-matrix
interfaces on both the globally tensile and globally compres-
sive sides of the specimen. The fiber, being mechanically
superior, does not deform as a porous matrix material (as
expected), giving rise to shear strain concentrations at the
fiber-matrix interface.

When obtaining microscale deformation measurement,
the macro-fiber level has been noted to deform like a beam
embedded in a compliant matrix giving rise to a classical
bending profile. The compressive load is not transferred to
the fiber since the inter-fiber matrix absorbs the load
through a collapse mechanism. For this reason, crushing
of the material at the loading point does not affect the far-
field behavior of the specimen, and also enables the
material to sustain higher normal load in the direction
perpendicular to fiber alignment.

The tensile load is primarily carried by the fibers. Since
the fibers are both stronger and more rigid than the
surrounding matrix, the tensile region deforms less than
the compressive zone. Failure at both the macro-fiber-
matrix interface and cellulose matrix is seen to be
dominated by interlayer debonding due to shear strain.
The wavy nature of shear strain across the width of the
specimen indicates high shear in the macro-fiber-matrix
interface. The shear strain at potential failure sites appears
to increase steadily until failure. Strain at the microscale is
seen to be higher than measured at the macro-scale. This
difference is acceptable at the microscale since local failure
initiation does not immediately lead to macroscopic failure
of the specimen because of local redistribution of the load
within the multiple-laminate nature of wood.

Damage in the Palmetto wood material occurs via a
multi-step failure process. The difference in mechanical
properties between the compliant matrix and comparatively
rigid macro-fibers results in high shear strain concentration
at the interface. At the highest magnification scale, the pore
collapse mechanism and accumulation of strain by pore
collapse is observed. The shear cracking is noted to be
initiated by the pore collapse at sites undergoing high shear
strain and compressive strain. From the analysis of damage
evolution for this material, the experimental measurement
of the degraded modulus with elastic curvature shows a
substantial initial drop. After the initial drop, the response
does follow the upper bound for constant stress, indicating
large initial load shedding consistent with macroscale
failure followed by a more gradual evolution in microscale
damage. From the damage evolution based on the hypoth-
esis of elastic energy equivalence, it appears that the
acceleration factor is quite high, indicating a rapid
accumulation of microscale damage with strain throughout
the Palmetto wood.

Conclusions

Mechanical characterization of Palmetto wood, a hierarchi-
cally structured natural material that can serve as a template
for biologically-inspired polymer composites, has been
investigated at multiple length scales using quasi-static
three-point bend testing with the neutral axis of the
specimen along the fiber orientation. Strain fields were
determined at the various length scales using DIC across a
range of optical magnifications in order to elucidate on the
distinct roles of the porous cellulose matrix and embedded
fibers in the failure process. The natural texture of the
specimens was found to be adequate for image correlation
across the length scales of interest.

It was determined from the quasi-static DIC results at
the macro-scale that the material behaves fairly homoge-
neously with a slight asymmetry due to the presence of
fibers. The macro-scale bending behavior complies well
with the classical beam bending theory. However,
microscale measurements at a magnification difference
of 10X-20X relative to the macro-scale revealed inhomoge-
neous deformations due to differences in the properties of the
macro-fibers and porous cellulose matrix. The shear and
transverse strains exhibited significantly greater variability
than the axial strain. The variability in shear strain coincided
with debonding at the fiber-matrix interface or cracking
within the matrix due to shear strain. The variability in
transverse strain was primarily within the matrix and
coincided with pore collapse.

It is postulated that the pore collapse mechanism acts as a
load absorber that significantly reduces the energy available
for fiber-matrix debonding, and enables the flexural response
to translate from the macro-scale to the microscale in the
macro-fiber. DIC measurements obtained at the highest
magnification revealed that there was no further elucidation
that could be obtained for the load transfer mechanism.
However, the pore collapse mechanism and shear strain
accumulation is elucidated. The microscale transverse
normal strain and shear strains monotonically increase along
with the macro-scale flexural strain at a faster rate than the
longitudinal strain, indicating their dominance in the failure
process. The microscale mechanical behavior was consistent
in both the compression and tension regions of the three-
point bend specimen, indicating that the failure process was
not sensitive to the sign of the stress state.
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