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Influence of bone defect position
and span in 3-point bending tests:
experimental and finite element analysis

Abstract: Three-point bending test is the most common mechanical test
used for quantifying the biomechanical quality of bone tissue and bone
healing in small animals. However, there is a lack of standardization
for evaluation of bone repair by cortical perforation. The aim of this
study was to determine the influence of bone defect position in the
proximal metaphysis of rat tibias during load application and different
span configuration on the three-point bending test outcomes. Cortical
defects with 1.6 mm diameter were created at a standardized location
on the medial surface of 60 tibias of male Wistar rats. The animals were
euthanized 7 days after surgery. Five specimens were used to create
3D models for finite element analysis using high-resolution micro-CT
images. Two spans (6 and 10mm) and three positions of the bone defect
in relation to the load application (upward, frontal and downward) were
evaluated experimentally (n = 10) and in finite element analysis (n = 5).
Maximum load (N) and stiffness (N/mm) were statistically analyzed
with 2-way ANOVA and Tukey test (a = 0.05). The results demonstrated
that span and orientation of the bone defect significantly influenced
the fracture pattern, stress distribution and force versus displacement
relation. Therefore, reliable outcome can be achieved creating the bone
defect at 8 mm from the extremity of the proximal epiphysis; placing a
10 mm distance span and downward facing defect position to allow a
better distribution of stress and more fracture patterns that reached the
bone defect target area with less intra-group variability.

Keywords: Bone and Bones; Biomechanical Phenomena; Finite
Element Analysis.

Introduction

Development of new therapeutic strategies and biomaterials to
improve bone repair processes or to recover bone quality under systemic
or local conditions requires standardized methodological approaches."?
An important factor to consider in these studies is the type of defect, which
may be by perforation of the cortical bone, partial osteotomy or total fracture.
Each experimental model represent different mechanisms, where bone
repair of cortical perforation defects occurs by intramembranous ossification,
and bone repair of fracture is the result of abundant cartilaginous callus
formation followed by endochondral ossification.? Various experimental
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studies focused on the diaphysis of long bones,"**
however to evaluate biomechanical effect of bone
alterations, the metaphysis of a femur or tibia should
be considered, since the diaphysis of long bones
consist only of cortical bone and bone marrow and
major changes due to bone degenerative diseases are
also observed in the trabecular bone that is located
in the metaphysis.>>47%?

In order to determine the effect of any therapy
during the repair process of bone defects, it is
essential to evaluate the structural fracture resistance.
Several structural parameters such as geometry,
mineral content and density are used to indirectly
evaluate the biomechanical properties of bone,
nonetheless, bone ability to resist fracture can only be
assessed by biomechanical strength tests.” Different
biomechanical methods can be used to characterize
the structural properties of bone, among them are
tensile, compression, torsion and three- or four-point
bending tests." Three-point bending tests are the
most commonly used mechanical tests to characterize
bone material and biomechanical properties of long
bones.'>* Standardization of three-point bending
tests on the methaphysis of long bones without
bone defects has been reported,®”!* however, there
there are no guidelines for parameters such as span
and bone defect positioning.'>"*** Adequate stability
of the bone between the supports during the test
must is determined by the length of metaphysis
region, which constitutes a limitation for the span
distance. A standardized protocol is needed to allow
comparisons of data from different sources and to
ensure that biomechanical properties are obtained
at the targed area of the bone defect.>”*

Three-point bending tests provide structural
information about the whole bone, such as stiffness
and strength. However, they cannot provide local
information, such as stress distribution. Since
local stresses will ultimately determine the fracture
resistance of the bone section tested, finite element
analysis is essential. Finite element analysis can
identify stress concentration locations, allowing a
more comprehensive evaluation of subtle changes
in bone fracture resistance and behavior of inner
bone structures during biophysical stimuli.’>*® To
the authors” knowledge, the effect of the bone defect
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locations and span in three-point bending tests
used in metaphysis studies has not previously been
assessed. The aim of this study was to determine
the influence of bone defect position in the proximal
metaphysis of rat tibias during load application
and different span configuration on the three-
point bending test outcomes. The null hypothesis
tested was that the bone effect position during the
loading (upward, frontal and downward) and the
different span configurations (6 and 10 mm) does not
influence the maximum load (N), stiffness (N/mm)
and stress distributions (MPa) of bone tissues using
the tree-point bending test.

Methodology

Characterization of the sample

This study was carried out in strict compliance with
the ethical principles for the care and use of laboratory
animals and according to the ARRIVE guidelines. The
protocol was approved by the Committee on the Ethics
of Animal Experiments of the Federal University of
Uberlandia (Protocol Number: 076/17, CEUA-UFU).
Thirty male Wistar rats, clinically healthy at 8 weeks
of age (300-320 g) were included. The animals were
kept at the Animal Experimentation Center of the
Federal University of Uberlandia in closed plastic
cages with a temperature of 22°C and a light-dark
cycle of 12 hours. Diet consisted of standard laboratory
pellets (Labina, Purina, Paulinia, Brazil) and water
ad libitum.

Surgical procedure of bone defect creation

The animals were submitted to anesthesia
intraperitoneally, using 0.07 ml / 100 g of muscle
relaxant xylazine hydrochloride 2%, and 0.1 ml /
100 g of anesthetic and analgesic 10% ketamine
hydrochloride. After trichotomy (Figure 1A),
antissepsia was performed with 2% chlorhexidine
solution and the operative area was delimited. Surgical
access to the tibia methaphysis was obtained by means
of a continuous longitudinal standardized incision
of 2 cm in length. After that, the musculature was
divulsed until the periosteum, which was exposed
and incised. The tibia was delimited in three portions
(upper, middle and lower), aiming to standardize



the area to be manipulated, thus half of the medial
face of the proximal metaphysis region was the
chosen area to the creation of the bone defect. A bone
defect was performed with a drill measuring 1.6mm
diameter (Neodent, Curitiba, Brazil) at 15,000 rpm,
under irrigation with sterile saline solution of 0.9%
sodium chloride (Figure 1B). The depth reference of
the perforation was the rupture of the cortical bone
to the bone marrow (Figure 1C). The suture was
performed with 4-0 nylon surgical monofilament. All
procedures were performed by a single operator (IM).

Sample collection

The animals were submitted to euthanasia after
7 days of surgery, by intraperitoneal overdose of
thiopental (150 mg/kg). A longitudinal incision was
performed following the existing cutaneous scar, the
tissues were divulsed and the tibias were removed
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by disarticulation (Figure 1D). The metaphysis
length (from the crest of the tibia to the proximal
extremity of the epiphysis) and the distance from
the center of the defect to the proximal extremity
of the epiphysis of each specimen were measured
using a pachymeter (Mitutoyo, Kawasaki, Japan) at
a precision of 0.01 mm. Then each tibia was covered
with moist gauze containing sterile saline solution
of 0.9% sodium chloride, stored in plastic tubes and
frozen at -20°C until the time of analysis.

Three-point bending biomechanical test
Each sample was submitted to a three-point
bending test to failure using a universal testing
machine (EMIC DL 2000, Equipamentos e Sistemas
de Ensaio Ltda, Sao José dos Pinhais, Brazil). To avoid
bias during the allocation of the experimental groups,
the specimens were systematically coded by a blinded

Figure 1. Surgical procedure and positioning of the tibia during three-point bending test on the rat tibia. Radiographics shows
the tibia before and after the test. A.Trichotomy on the tibia; B. Creation of the bone defect in standardized location on the tibia
methaphisis; C. Bone defect of 1.6 mm diameter; D. Removal of the tibia by disarticulation; Positioning of the load pplication
in relation to the bone defect: E. frontal; F upward; G. and downward with 6 mm of distance between the supports; H. frontal;
. upward; J. and downward with 10 mm of distance between the supports; K. Radiographic image of the tibia before three-point
bending test; L. Radiographic image of the tibia after three-point bending test showing crack propagation in the bone defect area.
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third person and randomly distributed into six
groups (n = 10) generated by combinations of the
two study factors: bone defect position during load
application and span configurations (6.0 and 10 mm
between supports).

The bone specimens were positioned horizontally
on two supports. The distance between the two lower
supports (span) was 6.0 or 10.0 mm. A metallic rod
centered between the supports and attached to a 50
kgf load cell applied was lowered at 1.0 mm/min to
load the metaphysis. The center of the metaphysis,
which was the location of the bone repair area (bone
defect), was positioned upward, frontal (toward the
operator) or downward (Figure 1E-]). The loading
device and the two supports had rounded surfaces
(2.0 mm diameter). The load and displacement of the
loading device were recorded during each experiment
until fracture. The maximum load at failure values
(N) were collected from the load data and the stiffness
(N/mm) was calculated as the slope of the initial
linear uploading portion of the curves.

Radiographic analysis

Digital radiography images were obtained before
and after the three-point bending test (Gnatus,
Barretos, Brazil) at 70 kV, 7 mA, and 0.12 seconds in
combination with VistaScan phosphor plates 3x4cm
(Diirr Dental, Bietigheim-Bissingen, Germany).
Phosphor plates were scanned by using a VistaScan
Mini View. The were analyzed using DBSWIN 5.2.0
software supplied with the VistaScan system, to
evaluate the fracture pattern (Figure 1K-L).

3D finite element model generation

Five representative specimens were scanned by
a high-resolution micro-CT SkyScan 1272 (Bruker,
Kontich, Belgium) (Figure 2A-B). The images had
approximately 880 slices with image pixel size of
16.31 um, obtained with exposure parameters of
80 kV and 125 pA, using filter aluminum of 1 mm.
The micro-CT projection data were exported in Device
Independent Bitmap (BMP) format and imported into
an interactive medical imaging software (Mimics 21.0,
Materialise NV, Leuven, Belgium). The segmentation
of the different structures (compact bone, cancellous
marrow and bone defect) was accomplished using
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image density thresholding (Figure 2C-D). After
segmentation, the 3D triangle-based surfaces of each
bone structure (Figure 2E) were exported in stereo
lithography (STL) format. The STL surface models
were imported and meshed in MSC.Patran® 2010
(MSC software, Santa Ana, USA) and optimized with
3-Matic 8.0 (Materialize NV, Belgium) (Figure 2 F-G).
The created volumetric element mesh was imported
in a finite element analysis software package (MSC.
Marc/Mentat, MSC software, USA) to perform the
analysis. All materials were considered linear-elastic,
isotropic, and homogeneous.” The elastic modulus
and Poisson’s ratio of the different structures were
obtained from the literature (Table 1).181920

To simulate the three-point bending test, three
triangular surfaces with rounded corners, similar
to the experimental conditions were constructed.
All bone models (n = 5) were analysed in three
different bone defect orientations (upward, frontal
and downward) and for two distances between
the lower supports (6 and 10 mm) (Figure 2H-M),
resulting in 30 analyses. The interfaces between the
different tibia tissues were considered bonded, while
the frictional contact coefficient between bone and
metallic supports was 0.5. The two lower supports
were rigidly fixed while the upper device was free
in vertical direction for delivering the load. The
boundary conditions were imposed according to
the experiments, the tibia was allowed to adapt to
the supports during the application of the load. The
three-point bending test loading was simulated by
applying a 50 N load in 11 increments. The von Mises
equivalent stress and load-displacement ratio were
recorded for all finite element models.

Statistical analysis

The maximum force (N) and stiffness (N/mm)
data were tested for normal distribution (Shapiro-
Wilk’s test) and equality of variances (Levene’s test),
followed by parametric statistical tests. Two-way
analysis of variance (ANOVA) was performed to
analyze the effect of the position of the defect (3 levels
- downward, frontal and upward) and span (2 levels
- 6.0 mm and 10.0 mm). Multiple comparisons were
made using Tukey’s test. All tests were performed
using a significance level of a = 0.05, and all analyses
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Figure 2. Sequence of 3D models creation for simulation of the three-point bending test on the rat tibia for finite elelement analysis,
positioning the bone defect downward, frontal or upward in relation to the load application. A. Representative tibia specimen with
bone defect; B. High-resolution Micro-CT; C. BMP file format for bone specimen with defect on metaphysis; D. Segmentation of
the cortical, cancellous marrow and bone defecttissues; E. 3D model generated by the Mimics software; F. STL format file before
optimization of the mesh; G. Mesh optimization using Patran and 3-Matic softwares; Positioning of the load application in relation
to the bone defect: H. frontal; I. upward; J. and downward with 6 mm of distance between the supports; K. frontal; L. upward;
M. and downward with 10 mm of distance between the supports; N. Finite element analysis post-processing image of the three-point

bending test test with 50 N loading.

Table 1. Mechanical properties used in the FE model.

Structure Elastic modulus (MPa)
Cortical bone 20
Cancellous marrow 50

Bone defect 2100

were performed using the Sigma Plot version 13.1
statistical package (Systat Software Inc., San Jose,
USA). The metaphysis lengths, the distances from
the defect to proximal epiphysis and the stress
distributions from the finite element method were
analyzed descriptively.

Results

The measurement of metaphysis of Wistar rat
tibiae analyzed had a length of the 15.3 + 0.7 mm. The
distance between the bone defect and the proximal
epiphysis were 8.2 + 0.9 mm.

Poisson'’s ratio References
0.3 18
0.3 19
0.3 18,20

The maximum force (N) mean and standard
deviation values measured in the three-point
bending tests of the rat tibia with the defect
positioned downward, frontal and upward are
shown on Figure 3A. Two-way ANOVA demonstrated
a significant effect for defect position (p = 0.030),
however no significance was found for span distance
(p = 0.173) and interaction of defect position and
span distance (p = 0.913). The three-point bending
test performed with the frontal defect position
resulted in significantly higher maximum forces
than when the bone defect was positioned upward
and downward.

Braz. Oral Res. 2021;35:e001 5
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The stiffness (N/mm) mean and standard deviation
values for the rat tibia with the defect positioned
downward, frontal and upward are shown in F.
Two-way ANOVA demonstrated a significant effect
for defect position (p < 0.001), however no significance
was found for span distance (p = 0.110) and interaction
of defect position and span distance (p = 0.406). The
three-point bending test performed with the frontal
defect position resulted in significantly higher stiffness
than when the defect was positioned to upward
and downward.

The failure mode distributions for the tested
samples are shown on Table 2. When the defect
was positioned to down, the failure mode involved
more area of the prepared defect for both span
distances, with the 10.0 mm span distance resulting
in a more evident fracture line. When the defect
was positioned frontal, most of the failure modes
did not involve the defect region. When the defect
was positioned to upward, most of the failure
modes involved crushing of the defect region and
separation of the epiphysis.

The von Mises stress distributions were visualized
to observe general stress patterns. The von Mises
stress distributions in the rat tibia when the defect
was positioned to downward, frontal and upward
for the 6.0 and 10.0 mm spans for one representative
model of the finite element analysis are summarized
in the Figure 4. The use of 10.0mm of span distance
resulted in a higher stress concentration in the

1000 4 pq A
90.0
80.0
70.0
60.0
50.0 A
40.0 4
30.0 4
20.0 4
10.0 -

0.0

Maximum Load — N

Frontal Down Up
B 460mm [ 10.0 mm

bone area located between load point and inferior
supports, mainly in the region opposite of the load
application, than for the 6.0 mm of span distance,
irrespective of the defect position. When the defect
was positioned to downward, the stress concentrated
at the inferior surface close to the bone defect limit
and at frontal surface (Figure 4A). When the defect
was positioned to frontal, the stress concentrated at
the cortical integra of the tibia positioned at inferior
surface and at the center of the posterior surface
(Figure 4B). When the defect was positioned upward,
the stress concentrated at the inferior surface, crest
of the tibia and at the center of the posterior surface
(Figure 4C).

The von Mises stress distributions in the defect
area for the 5 bone tibia models simulating all defect
positions and span distances are summarized in
Figure 5. When the defect was positioned to downward
demonstrated better homogeneity of the stress
distribution than when the defects were positioned
to frontal or upward (Figure 5A-C). The stresses were
more concentrated at the target area (defect area) when
the defect was positioned downward (Figure 5A).
When the defect was frontally positioned, no stress
was observed in the target area (Figure 5B). High
stress concentrations were located in a small area of
the load application for the models where the defects
were positioned upward (Figure 5C). The stress
distribution demonstrated good correlation with
the failure mode distributions for all experimental

70.0
60.0
50.0
40.0
30.0
20.0
10.0

0.0

Energy — mJ

Frontal Up Down
B 60mm [l 10.0 mm

Figure 3. A. Maximum force (N), B. Stiffness (N/mm) determined experimentally by three-point bending test with the rat tibia
(n = 10) with the defect positioned downward, frontal or upward and span distances of 6.0 and 10.0 mm.
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Table 2. Classification of the fracture mode for tibiae after three-point bending tests.

Position of the bone defect

Downward Frontal Upward

Span distance Span distance

6.0mm 10.0 mm Fracture modes 6.0mm 10.0 mm

(n=10) (n=10) (n=10) (n=10)

Starting at defect
surface involving
frontal surface 6 3
reaching to superior
loading point

Starting at defect
surface involving all 9
surfaces dividing the
sample at defect line

Starting at defect
involving inferior 2 3
surface only

starting at load area
involving frontal
surface reaching
condyle at inferior
support area

conditions. The Maximum Principal Stresses (tensile
stress) on the bottom of the bone, between the two
spans of the bending test for the 5 bone tibia models
simulating all defect positions and span distances
are summarized in Figure 6. When the defect was
positioned to downward demonstrated that the
tensile stress fit better the bone defect that is the
target location to be tested (Figure 6A).

The mean values of the relation between force (N)
and displacement (mm) obtained from 0 to 50 N in
the experiments and by the finite element analysis
are shown on Figure 7A and 7B, respectively. The
curves showed similar behavior, however the values
calculated experimentally were always higher than
finite element analysis values. When the defect was
positioned to frontal, the displacement values were
lower, followed by defect positioned downward,
and upward.

Span distance

Fracture modes 60 mm 100 mm

(n=10 (h=10)

Fracture modes

Staring at loading
point involving
posterior surface
reaching the inferior
surface at the
center of span - no
involvement of defect

Staring at loading
point involving
posterior surface
reaching in diagonal
line the condyle - no
involvement of defect

Staring at loading
point involving
posterior and inferior
surfaces at the center
of span reaching the
base of defect

Crushing the defect
area with fracture line
at superior involving
the initial of the
anterior and posterior
surfaces.

Crushing the defect
area with fracture line
involving posterior
surface.

Crushing the defect
with total fracture of
the sample in diagonal
line to the inferior
support close to the
condyle

Crushing he defect
area, with no evident
fracture in this area.

Fracture starting at
inferior support area

involving posterior

surface.

Discussion

Several studies have used long bones from animal
models to evaluate the bone repair process and
therapeutic approaches.>” Three-point bending
tests are one of the main biomechanical tests used
to determine bone fracture resistance. Ensuring
comparable and repeatable results, however, requires
standardization.”? The results of the present study
demonstrated that positioning of the bone on the
supports and the distance between the supports during
the load application had a significant influence on
the fracture pattern, stress distribution and force vs
displacement relation. Additionally, the span distance
also influenced the maximum force and stiffness.
Therefore, the null hypothesis was rejected.

Bone exhibits a varied arrangement of material
structures at different scales, each playing a role in

Braz. Oral Res. 2021;35:e001 7
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Downward Frontal Upward

6.0 mm 10.0 mm 6.0 mm 10.0 mm 6.0 mm 10.0 mm

0 10 20 30 40 50 60 70 80 90 100
Von Mises Stress — MPa

Figure 4. Von Mises stress distributions at frontal, posterior and inferior surfaces of rat tibiae during three-point bending test
simulation when the defect was positioned downward, frontal or upward.

A B C
Downward Frontal Upward
o
%
3
g
%)
~
[
o
€
<]
%)
™
[
o
£
]
%)
<
K
o
3
g
%)
n
K
%
£
3
6.0 mm 10.0 mm 6.0 mm 10.0 mm 6.0 mm 10.0 mm

0 10 20 30 40 50 60 70 80 90 100
Von Mises Stress — MPa

Figure 5. Von Mises stress distributions at the surface of the rat tibiae when the defect was positioned downward, frontal or upward
during three-point bending festing.
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Figure 6. Maximum Principal Stresses (tensile stress) on the bottom of the bone, between the two spans of the bending test.
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Figure 7. Force (N) versus displacement (mm) relations obtained from finite element analysis (FEA) or experiments during the
three-point bending tests with rat tibia for 2 span distances and three bone defect positions (frontal, upward and downward).

its mechanical, biological and chemical functions. may be required to assess bone behavior.”? We
Different test methodologies may test different evaluated bone repair using a three-point bending
resolutions. Therefore, a combination of techniques test and rat tibia. Long bones, such as tibiae and
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femurs, are widely used to investigate bone repair
characteristics. We studied the metaphysis region
because this area plays an important role in
bone biology research of cortical defect healing,
particularly for alterations in trabecular bone
architecture. % Although the three-point bending
test is a common method to measure fracture
resistance in the metaphysis region,” there is still a
lack of standardization. The three-point bending test
can provide the flexural strength, elastic modulus
and other mechanical characteristics (beam flexure).
Standardized geometric specimens are usually
used for three-point bending test, then the cross-
section area and dimensions are well defined, and
a mathematical formula can be easily applied to
calculate the flexural strength (MPa). For experiments
that use long bone specimen, like was used in the
present study, the cross-section area and dimensions
are difficult to measure and to standardize. The use
of stiffness (N/mm) and maximum load (N) are
more recommended to demonstrate the three-point
bending outcome.

The length of the metaphysis and the proximity to
the articular surface imposes limitations on potential
three-point bending configurations. We evaluated the
effect of the bone defect position and the span distance.
Using finite element analysis, we observed that the
stress concentration is higher in the target area (bone
defect) in the group with downward facing defects
(Figure 6). The experiments confirmed that the fracture
pattern ran through the bone defect in this group.
These observations can be explained by the fact that
bending deformation causes tensile stresses on the
convex side (lower surface) and compressive stresses
on the concave side (upper surface). As bone is less
resistant to tensile stress, the fracture is most likely to
be initiated at the surface under tensile stress."! The
downward facing defect was also located in the area
(middle between lower supports) where the tensile
stresses were the highest. By comparing the von
Mises equivalent stress distributions, we observed
greater data homogeneity in the experimental group
with downward facing defects when compared to
the other groups, regardless of the distance of the
supports, which supports the notion that the outcomes
from this configuration represent the influence of

10 Braz. Oral Res. 2021;35:e001

the bone defect most clearly. When the bone defect
was facing upward, the defect was located in the
compression area where the defect was less likely
to initiate fracture. Coinciding the upward facing
defect with the area of load application location is an
unfavorable design that is unlikely to yield predictable
or useful outcomes and should be avoided. With the
defect in the frontal position, the defect was located
in the lowest stressed surface area. We observed
higher failure loads in the latter configuration, which
may be explained by the defect being moved out
of the higher stressed areas and thus less likely to
weaken the tibia. Differences in load-displacement
curves (Figure 7) cannot be attributed to the location
of defects because they represent tibia stiffness
(load/displacement) in particular bending directions,
which are mostly differentiated by anatomical shape
rather than small local defects. Increasing the span
reduced stiffness (reduced load/displacement slope)
as expected because bending displacement will
increase under the same load.

Besides the defect location, span distance is an
important parameter in standardizing three-point
bending tests because it changes the structural tibia
responses and thus outcomes. Variation in span
leads to non-comparable fracture load and stiffness
data. Some authors have used 15-25 mm span distance
to evaluate bone repair in the metaphysis, but often
the target area is too short.””’#" Lesion positions were
not specified in the aforementioned studies. Our
study required shorter spans and showed higher
maximum load values in models with 6 mm span
distance compared to 10 mm. However, the longer
10 mm span generated more consistent flexural
stress conditions that concentrated mainly in the
opposite side to the load application and resulting
in failures modes with more evident fracture lines.
Maximizing span distance has been recommended
for more consistent and reliable results.?®

The 3D finite elements models of three-point
bending test created from 5 tibias provided further
data to analyze the stress distribution during the
experiment without methodological bias while
considering some anatomical variations. The stress
distributions, especially in the internal structure of the
bone, cannot be obtained from experimental tests.'! The
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finite element analysis also allowed testing different
defect locations and spans using the same model
because it is a non-destructive method. Furthermore,
finite element analysis can minimize the number of
animals needed in the experiment, which conforms to
the guidelines for ethical conduct in the care and use
of animals.” Comparison of the force-displacement
response between the finite element and experimental
methods showed consistency of the results, thus
validating the modeling of the general behavior.
The validated FEA models provided an explaination
for the experimental fracture patterns. Greater
concentration of tensile stresses was shown where the
fracture initiated, supporting the recommendation
to have the bone defects face downward during the
bending test.

Among the limitations of the present study is the
assumption of linear, isotropic and homogeneous
materials in the finite element analysis. Biomechanical
behavior of bone is considered complex due to
its viscoelastic, anisotropic and heterogeneous
characteristics, attributed to its macro-, micro- and
nanostructure.""? Although these assumptions may
have affected the total amount of displacement, the
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