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Abstract
Tissue level characteristics of bone can be measured by nanoindentation and microspectroscopy,
but are challenging to translate to whole bone mechanical behavior in this hierarchically structured
material. The current study calculated weighted section modului from microCT attenuation values
based on tissue level relationships (Zlin,a and Zlin,b) between mineralization and material
properties to predict whole bone mechanical behavior. Zlin,a was determined using the equation of
the best fit linear regression between nanoindentation indentation modulus and mineral:matrix
ratio from Raman spectroscopy. To better represent the modulus of unmineralized tissue, a second
linear regression with the intercept fixed at 0 was used to calculate Zlin,b. The predictive capability
of the weighted section moduli calculated using a tissue level relationship were compared with
average tissue level properties and weighted section moduli calculated using an apparent level
relationship (Zexp) between Young’s Modulus and mineralization. A range of bone mineralization
was created using vitamin D deficiency in growing rats. After 10 weeks, left femurs were scanned
using microCT and tested to failure in 3 point bending. Contralateral limbs were used for co-
localized tissue level mechanical properties by nanoindentation and compositional measurements
by Raman microspectroscopy. Vitamin D deficiency reduced whole bone stiffness and strength by
~35% and ~30%, respectively, but only reduced tissue mineral density by ~10% compared with
Controls. Average tissue level properties did not correlate with whole bone mechanical behavior
while Zlin,a, Zlin,b, and Zexp predicted 54%, 66%, and 80% of the failure moment respectively.
This study demonstrated that in a model for varying mineralization, the composite beam model in
this paper is an improved method to extrapolate tissue level data to macro-scale mechanical
behavior.
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Introduction
Whole bone mineralization and quantity predict whole bone mechanical behavior for healthy
bone (Currey, 1969, 1984, 1988); however, skeletal pathologies such as osteoporosis alter
those relationships. Dual energy x-ray absorptiometry (DXA) is currently the clinical
standard for assessing osteoporotic fracture risk but is not a perfect predictor of fracture
(Aspray et al., 2009). Fracture risk evaluation can be improved by considering age and
previous fracture status as evidenced by FRAX (Kanis, 2002; Kanis et al., 2005; Kanis et al.,
2008; Watts and Diab, 2011). Areal bone mineral density (aBMD) assessed by DXA reflects
both bone volume and density. Osteoporosis therapies disproportionately alter aBMD and
fracture risk. Fluoride treatments were ineffective at reducing fracture risk despite 8–16%
increases in aBMD (Haguenauer et al., 2000; Meunier et al., 1998), whereas antiresorptive
treatments reduced fracture risk by 30–50% despite only increasing aBMD by 8–10%
(Cummings et al., 2002; Ettinger et al., 1999).

The disconnect between BMD and whole bone mechanical performance in diseased bone
has prompted research aimed at revealing the role of tissue level composition. Like other
load bearing structures, whole bone mechanical behavior depends on geometry, volume, and
tissue level properties. The application of nanoindentation and vibrational spectroscopy
techniques such as Raman and Fourier transform infra-red spectroscopy to bone allow the
investigation of mechanical properties and composition of individual microstructural
features while avoiding pores and cellular lacunae visible on the surface. Concurrent
investigations of tissue material properties from nanoindentation and tissue level
composition with whole bone mechanical behavior revealed inconsistent relationships
between micro- and macroscale properties (Donnelly et al., 2010; Rho et al., 2002; Silva et
al., 2004; Sun et al., 2009). Both the presence and absence of correlations have been
reported between whole bone and tissue level mechanical properties, indicating that the
extrapolation of tissue level properties to whole bone mechanical behavior is not
straightforward. The aforementioned studies averaged tissue level data points into a single
value to represent the material properties of the entire bone to correlate with whole bone
mechanical behavior. Averaging highly resolved tissue level properties simplifies bone into
a homogeneous material and diminishes the advantage of the local tissue level
measurements provided by nanoindentation and vibrational microspectroscopy. To take into
account mineralization heterogeneity, studies have used composite beam theory to generate
density-weighted moments of inertia or bending stiffnesses that take spatial variations in
mineralization into account (Bhatavadekar et al., 2006; Corcoran et al., 1994; Hong et al.,
2004). These models used apparent level relationships between Young’s modulus and
mineralization, and the use of tissue level relationships may improve the predictive
capability of these models.

The current study used tissue level relationships between mineralization and material
properties to calculate density-weighted section moduli to predict whole bone mechanical
behavior. This method preserves the spatial distribution and heterogeneity of tissue
properties while using intrinsic tissue level relationships instead of apparent level
relationships to calculate density-weighted section moduli. Relationships between
mineralization and mechanical properties at the whole bone and tissue level length scales
were characterized in rats with impaired mineralization and reduced whole bone mechanical
behavior through vitamin D deficiency. Whole bone composition and geometry were

Kim et al. Page 2

J Biomech. Author manuscript; available in PMC 2013 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



quantified using micro-computed tomography (microCT) prior to whole bone mechanical
testing in three point bending. Contralateral limbs were used for tissue level analyses. Tissue
level mechanical properties were measured using nanoindentation and tissue composition
was measured using Raman microspectroscopy. Density-weighted section moduli calculated
from tissue level measurements were compared with section moduli calculated using one
previously reported apparent level relationship, averaged tissue level properties, and whole
bone measures of composition and geometry on their ability to predict whole bone
mechanical properties.

Methods
Bone mineralization was reduced using a previously established vitamin D deficiency
treatment in growing rats (Sonnenberg et al., 1984). Three week old male Sprague-Dawley
rats (Charles River, Wilmington, MA) were divided into three groups: Control, and two
reduced mineralization groups, NC1 and NC3 (n = 20/group) and given their respective diets
and water ad libitum for the 10 wk experimental duration. Intraperitoneal injections of
tetracycline and demeclocycline were administered 28 d and 14 d before euthanasia. These
fluorochrome labels demarcated 3 tissue age zones, 0–14 d, 15–28 d, and 29 d+. After 10
wk, animals were euthanized by CO2 asphyxiation. Vitamin D deficiency was confirmed by
an enzyme-linked immunoassay for 1,25-OH D (Immunodiagnostic Systems Inc, Scottsdale,
AZ) (Control n = 12, NC1 n = 11, NC3 n = 16). All procedures were approved by Cornell
University’s Institutional Animal Care and Use Committee (IACUC). See supplementary
text for details.

Whole Bone Testing
Left femurs (n = 20/group) were collected for whole bone compositional and geometric
measures and mechanical testing. Femurs were scanned in saline using microCT with 25 μm
isotropic voxel size (eXplore CT 120, GE Healthcare, Waukesha, WI). For scan
specifications see supplementary text. A global threshold equivalent to 43 mgHA/cc was
used (Fritton et al., 2005). Tissue mineral density (TMD) and content (TMC) were
calculated for a 3 mm thick volume of interest (VOI) from the midshaft of the femurs
(MicroView 2.2, GE Healthcare, Waukesha, WI). The VOI consisted of 120 slices. The
cortical cross-sectional areas (AC) was calculated for each slice then averaged, resulting in a
single value for each sample (in-house MATLAB® code, The Mathworks Inc, Natick, NA).

After scanning, femurs were failed in three point bending in the anterior-posterior direction
(858 Mini Bionix, MTS, Eden Prairie, MN). Outcomes from the load-displacement data
included the failure moment (MF), bending stiffness (EI), effective modulus (EI/Iun), and
post-yield displacement (Dpy). See supplementary text for details.

Tissue Level Measurements
A subset of the right femurs was processed for tissue level analyses (n = 4–5/group, 14
total). Femurs were dehydrated in ethanol and embedded in polymethymethacrylate. A 3
mm thick transverse section of cortical bone from the midshaft of each sample was fixed to
an atomic force microscope stub and polished anhydrously (Donnelly et al., 2006a). For
each sample, 5 indentations spaced at least 7 μm apart were made in the middle of the zones
parallel to the labels and at the periosteal edge (Triboindentor, Hysitron, Minneapolis, MN).
Four different tissue age zones were tested: periosteal zone, 0–14 d, 15–28 d, and 29 d+.
Indents were created using a 500 μN trapezoidal load function. The indentation modulus
(Ei) and hardness (H) were calculated from the unloading portion of the 500 μN load-
displacement curve (Oliver and Pharr, 1992). See supplementary text for details.
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Residual indents were indentified using the white light optical microscope attached to the
Raman microscope. The laser spot (~2 μm diameter) was centered over each residual indent
and corresponding Raman spectra between 800 and 1800 cm−1 were collected (inVia,
Renishaw, Gloucestershire, UK). Tissue mineralization (mineral:matrix) and B-type
carbonate substitution (carbonate:phosphate) were calculated (Draper et al., 2005; Timlin et
al., 2000). See supplementary text for details.

Composite Beam Model
To predict whole bone mechanical behavior, composite beam theory was used to calculate
density-weighted moments of inertia in addition to the commonly used geometric
(unweighted) moment of inertia (Bartel et al., 2006). Similar to the cortical area
measurements, the moment of inertia was calculated for each slice then averaged, resulting
in a single value for each sample. An unweighted moment of inertia about the medial-lateral
axis (IML) with respect to the centroid (X) was calculated (in-house MATLAB® code)
assuming a homogeneous bone tissue:

(1)

(2)

where the summation is over the total pixel count (n). For each pixel containing bone, xj is
the distance from the center of the j-th pixel to the y-axis and Aj is the area of the j-th pixel.
Three density-weighted moments (Ilin,a, Ilin,b, Iexp) of inertia were calculated (in-house
MATLAB® code) with respect to the mass-weighted centroid (Xw):

(3)

(4)

where v was the attenuation weighted value calculated for each pixel assuming the modulus
was proportional to the attenuation value, either linearly according to our tissue level data
from the anterior-medial quadrant (Equation 5) or exponentially according to an apparent
level relationship (Equation 6).

(5)

(6)

HUj is the x-ray attenuation of the j-th pixel and TH is the global threshold value both in
Hounsfield units, m is the slope, b is the intercept, and a is the exponential coefficient.
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Two linear equations based on the tissue level data from this study were used to calculate
density-weighted moments of inertia. The equation of the best fit linear regression between
indentation modulus and mineral:matrix ratio was y = 2.4x + 11 (Figure 3a) consequently m
= 2.4 and b =11 in Equation (5). Substituting Equation (5) into Equations (3) and (4)
resulted in a linearly weighted centroid and moment of inertia (Ilin,a). The best fit linear
regression overestimated the modulus of mineral:matrix ratios below 2. The intercept of the
regression line represents the indentation modulus of tissue containing no mineral.
Demineralized collagen fibrils have been shown to have a Young’s modulus of 20MPa,
which is less than 1% of the best fit intercept, 11GPa (Balooch et al., 2008). To better
represent the modulus of unmineralized tissue, a second linear regression with the intercept
fixed at 0 was used to calculate another density-weighted moment of inertia. The equation of
this line was y = 4x, with m = 4 and b= 0. Substituting Equation (5) into Equations (3) and
(4) resulted in a second linearly weighted centroid and moment of inertia (Ilin,b). Respective
section moduli (Zlin,a, Zlin,b) using the moments of inertia were calculated by dividing the
respective moments of inertia by the maximum anterior-posterior distances from the density-
weighted centroids.

The exponential relationship we used was based a previously established relationship
between ash fraction and Young’s modulus from bovine cortical bone beams where a = 3.91
in Equation (6) (Schaffler and Burr, 1988). Substitution of Equation (6) into Equations (3)
and (4) resulted in an exponentially-weighted centroid and moment of inertia (Iexp). The
section modulus (Zexp) was calculated by dividing the moment of inertia (Iexp) by the
maximum anterior-posterior distance from the density-weighted centroid. The sensitivity of
our results to the exponential coefficient chosen was investigated by looking at a range of
exponential coefficients.

Statistical Analyses
For all statistical tests, p-values less than 0.05 were considered significant. Results presented
are significant unless stated otherwise. See supplementary text for details.

Results
Whole Bone Properties

Serum levels of 1,25-OH D were reduced in both vitamin D deficient groups compared with
Controls (36.9 ± 2.17 nmol/L), 60% and 64%, respectively. Serum levels of 1,25-OH D in
the NC1 and NC3 groups were not different from each other. Final body masses were
reduced by 18% and 19% compared with Controls in the NC1 and NC3 groups,
respectively.

From the whole bone analyses, vitamin D deficiency reduced whole bone mechanical
performance, and mineralization and geometric parameters as measured by microCT
compared with Controls (Table 1, Figure 1). TMC was reduced by 20% and 27% in NC1
and NC3 compared with Controls, respectively. TMD was reduced by 8% and 12% in NC1
and NC3 compared with Controls. TMC was 8.6% lower and TMD was 4.2% lower in the
NC3 group compared with NC1. Cortical area was reduced by 13% and 17% in NC1 and
NC3 compared with Controls. Failure moment was reduced by 26% and 33% in NC1 and
NC3 compared with Controls. EI was reduced by 32% and 38% in NC1 and NC3 compared
with Controls. The effective modulus was 20% lower in the NC3 group compared with
Controls. The post-yield displacement was not different with vitamin D deficiency. No
differences were observed between NC1 and NC3 treatments in geometric measures or
whole bone mechanical behavior.

Kim et al. Page 5

J Biomech. Author manuscript; available in PMC 2013 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Tissue Level Properties
From the two-way ANOVA with diet group and tissue age zone, the indentation modulus in
all groups was lower at the periosteal surface compared to the 0–29 d+ tissue zones.
Additionally, in the NC1 group, the indentation modulus of 0–14 d tissue was 49% lower
than the 14–29 d+ tissue (Figure 2a). Hardness results followed similar trends to the
indentation modulus (Figure 2b). For all groups, the hardness was lower at the periosteal
surface compared to the 0–29 d+ tissue zones. The NC1 group had a 45% lower hardness in
the 0–14 d tissue than 14–29 d+ tissue.

The mineral:matrix ratio increased with increasing tissue age for all diet groups (Figure 2c).
Vitamin D deficiency decreased the mineral:matrix ratio compared to Control animals in the
intracortical tissue (0–14, 15–28 and 29 d+), but not at the periosteal edge. In the 0–14 d
tissue the Control mineral:matrix ratio was higher than NC1 and NC3. In 15–28 d tissue the
Control and NC1 mineral:matrix ratios were higher than NC3. In the 29 d+ tissue the
Control mineral:matrix ratio was higher than both NC1 and NC3. Vitamin D deficiency
delayed the increase in B-type carbonate substitution across the cortex (Figure 2d). Control
animals had a significantly higher carbonate:phosphate ratio in the three older tissue age
zones than at the periosteum. For NC1, the carbonate:phosphate ratio significantly increased
after 15 d. The carbonate:phosphate ratio did not increase with tissue age for the NC3 group;
intracortical tissue maintained similar levels to the youngest tissue.

From the analysis of covariance, diet group did not affect the relationship between
mineral:matrix ratio and indentation modulus, thus indentation modulus and mineral:matrix
ratio data from all groups were fit using a single linear model (r2 = 0.54, p < 0.001) (Figure
3a). The relationship between the indentation modulus and carbonate substitution varied by
diet group. Although tissue level mechanical properties and the carbonate:phosphate ratio
correlated in the Control and NC1 groups, no correlation existed in the NC3 group (Figure
3b).

Relating Tissue Level and Whole Bone Properties
For the samples used for tissue level analyses (n=14), linear regressions between whole bone
mechanical behavior of the contralateral limbs and average intracortical tissue level
properties were examined (average of the oldest 3 tissue age zones). None of the averaged
tissue level properties were significant predictors for the effective modulus, bending
stiffness, or failure moment.

Whole bone geometric and compositional measures from microCT were used to predict EI
and MF (Table 2). From the geometric and compositional data from microCT, the best
predictor for EI was TMD (r2 =0.56) and for MF was TMC (r2=0.78). MF was better
predicted than EI by every predictor. The linearly weighted moment of inertia (Ilin,a)
increased the coefficient of determination for failure moment to r2 = 0.57 compared with the
geometric moment of inertia (r2 = 0.36). Ilin,b and Zlin,b increased coefficients of
determination for whole bone mechanical behavior compared to the respective values
calculated using the linear equation with the non zero intercept (Ilin,a, Zlin,a). The
exponentially weighted moment of inertia (Iexp) predicted 75% of the variability of the
failure moment. The exponentially weighted section modulus (Zexp) predicted 80% of the
variability of the failure moment (Figure 4b). The exponentially weighted section modulus
had significantly greater explanatory power for the failure moment than all variables except
TMC, exponentially weighted moment of inertia, and the linearly weighted section modulus
with 0 intercept. For bending stiffness, the exponentially weighted section modulus had
significantly greater explanatory power than all variables except TMC, TMD, and the
exponentially weighted moment of inertia (Table 2).
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Discussion
Vitamin D deficiency in growing rats reduced measures of whole bone mechanical behavior,
mineralization, and geometry similar to previous studies (Baylink et al., 1970a; Donnelly et
al., 2010; Einhorn et al., 1986). Reductions in whole bone mineralization, as indicated by
reduced TMD, were paralleled by reductions in tissue level mineral:matrix ratios with
vitamin D deficiency. The spatial distribution and heterogeneity of tissue properties were
preserved by using intrinsic tissue level relationships instead of apparent level relationships
to calculate density-weighted section moduli. Density-weighted section moduli calculated
from tissue level data better predicted variability in whole bone mechanical behavior than
averaged tissue level properties and unweighted measures of whole bone geometry;
however, the density-weighted section moduli from apparent level data further improved the
predictions.

To investigate the sensitivity of the results to the specific coefficients used in Equations (5)
and (6), different intercepts and exponential coefficients were examined. For the linear
equation, the predictive capability of the weighted section modulus was affected by the
intercept, but not the slope. The intercept of the regression line represents the indentation
modulus of tissue with no mineral, which should be much lower than bone. Hence the
increased explanatory power using the equation with a 0 intercept was not surprising. In fact
the relationship between mineral:matrix ratio and indentation modulus appears bimodal with
a larger slope between mineral:matrix ratio of 0–4, then a smaller slope beyond a
mineral:matrix ratio of 4 (Figure 3a). The bimodal response would be vital during rapid
growth as the prompt establishment of mechanical competence would be necessary for the
bone to withstand everyday loads during primary mineralization (Busa et al., 2005;
Wergedal and Baylink, 1974). Secondary mineralization would then follow with a slow but
steady accrual of mineralization and increased mechanical properties.

To examine the effect of the exponential coefficient on the prediction of whole bone
mechanical behavior, weighted section moduli were calculated using a range of exponential
coefficients. Between exponential coefficient values of 3 and 9, the coefficient of
determination of the exponentially weighted section modulus changed less than 1%. The
initial value of 3.91 selected for this experiment was within 1% of the best coefficient of
determination for this data set.

An underlying assumption of our approach was that the relationship between Raman mineral
content and indentation modulus was proportional to apparent density and Young’s
modulus. Both TMD and mineral:matrix ratio from Raman spectroscopy are measures of
mineralization, not true gravimetric densities. Vitamin D deficiency primarily affects
mineralization leaving the matrix intact (Baylink et al., 1970b; Donnelly et al., 2010;
Einhorn et al., 1986). If the amount of collagen and non-collagenous proteins is similar
between groups, the mineral:matrix ratio should indicate relative increases in mineral in a
given volume of tissue. Additionally a correlation between Raman mineral:matrix and TMD
has been confirmed in growing rabbits, and a similar relationship would expected in rats
(Turunen et al., 2011). Assuming a constant Poisson’s ratio (ν) across all samples, Young’s
modulus is proportional to the indentation modulus scaled by (1 − ν2). Thus the
proportionality of the indentation modulus and the mineral:matrix ratio to TMD and
Young’s modulus is plausible.

A limitation of the study is that tissue level measurements were taken in a single quadrant of
the cortex, thus a single regression equation for the mineral:matrix ratio and indentation
modulus was used throughout the cortex. Quadrant-specific differences in tissue properties
naturally occur in the cortex and could have obscured diet-induced changes in the
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indentation modulus (Akkus et al., 2004). Additional tissue level data from other quadrants
of the femur could validate the use of a single expression or provide location specific tissue
property relationships to improve the predictive capability of density-weighted section
moduli.

Two different experimental groups were included to create a range of both bone
mineralization and mechanical properties. However, whole bone mechanical behavior of the
NC1 and NC3 groups was similar despite differences in mineralization density. Although
MF and EI were not different between NC1 and NC3, the values were spread across a range
ensuring the regressions were not influenced by highly leveraged data. Similarly at the tissue
length scale, tissue level mechanical properties were unchanged despite differences in local
tissue mineralization. The lack of differences in indentation modulus with dietary
intervention could indicate that large changes in mineralization are needed to affect
indentation modulus and is in accord with a previous study that affected mineralization in
rats with a more severe diet (Donnelly et al., 2010).

Our approach to predicting mechanical behavior could be further improved by using higher
resolution microCT scans. The current study used scans with 25μm voxel size that cannot
resolve cellular lacunae, small pores and blood vessels. A higher resolution scan that
resolves these architectural features could improve the accuracy of the model and prediction
of whole bone mechanical behavior. Additionally the coefficient of determination of 0.54
between indentation modulus and mineral:matrix ratio indicates additional determinants of
the indentation modulus remain. Previous studies have shown that the indentation modulus
correlates with other compositional measures such as collagen alignment and carbonate
substitution (Busa et al., 2005; Donnelly et al., 2006b). In the future, including
compositional parameters in addition to mineralization could provide a more robust and
accurate model to predict whole bone mechanical behavior.

Density-weighted section moduli are not as complex as microCT-based finite element
models (FEA), but could provide a faster and more economic evaluation of whole bone
mechanical behavior. MicroCT-based finite element models can predict 70–98% of the
variability in the failure load based on apparent properties, but require the use of super
computers or hours of computational time (Imai et al., 2008; Pistoia et al., 2002). The
density-weighted section moduli calculated using composite beam theory predicted 80% of
the variability in failure moment and are less computationally intensive. Improvements in
the methodology used to calculate density-weighted section moduli could make this
approach equivalent to microCT-based FEA models in terms of predictive capability but
more time and cost efficient.

The hierarchical organization of the skeleton produces an amazingly efficient load bearing
structure while simultaneously making analysis and modeling challenging. Previously,
microCT images in conjunction with composite beam theory and apparent level
relationships between elastic modulus and mineralization improved predictions of whole
bone mechanical behavior (Bhatavadekar et al., 2006; Corcoran et al., 1994; Cory et al.,
2010; Hong et al., 2004). This study is the first to use nanoindentation derived material
properties from contralateral limbs of the same animal with composite beam theory to
minimize assumptions about tissue heterogeneity and microarchitecture when predicting
whole bone mechanical behavior. Although the apparent level derived relationships had
more predictive power than the tissue level data derived linear relationships, the composite
beam model in this paper is an improved method to extrapolate tissue level data to macro-
scale mechanical behavior in a mineralization defect model.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative microCT images of Control, NC1, and NC3 right femur cross sections.
Colors represent differences in attenuation (Houndsfield Units). Vitamin D deficiency
reduced mineralization of the cortical bone particularly in the posterior half of the femurs.
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Figure 2.
Mean A) indentation modulus, B) hardness, C) mineral:matrix ratio and D) carbonate
substitution by diet group versus tissue age zone. Significantly different from Control (C),
NC1 (NC1), NC3 (NC3) within a single tissue age zone. Significantly different from 0 day
old tissue (1), 0–14 day old tissue (2), and 15–28 day old tissue (3) within the same group.
Error bars indicate standard deviation.
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Figure 3.
A) Linear regressions for mineral:matrix versus indentation modulus, solid line for y=2.4x
+11 and a dashed line for y=4x. B) Analysis of covariance with B-type carbonate
substitution as the covariate and diet group as the factor.
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Figure 4.
A) The best predictor for failure moment (MF) was the exponentially weighted section
modulus. B) The best predictor for bending stiffness (EI) was tissue mineral density (TMD).
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Table 2

Coefficients of determination (r2) for whole bone mechanical behavior, failure moment (MF) and bending
stiffness (EI).

MF EI

Average material properties
Tissue mineral content 0.78 0.50

Tissue mineral density 0.65* 0.56

Geometric properties

Cortical area 0.63* 0.32#

Moment of inertia 0.36* 0.09#

Section Modulus 0.47* 0.16#

Spatially varying material properties

Moment of inertia (linearly weighted, Ilin,a) 0.49* 0.15#

Section modulus (linearly weighted, Zlin,a) 0.54* 0.21#

Moment of inertia (linearly weighted, Ilin,b) 0.57* 0.23#

Section modulus (linearly weighted, Zlin,b) 0.66 0.29#

Moment of inertia (exponentially weighted, Iexp) 0.75 0.43

Section modulus (exponentially weighted, Zexp) 0.80 0.49

*
Significantly different r2 from the exponentially weighted section modulus for the failure moment.

#
Significantly different r2 from the exponentially weighted section modulus for the bending stiffness.
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