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Elastic Behavior of Fast-Growth Uruguayan Pine
Determined from Compression and Bending Tests

Laura Moya ** and Vanesa Bafio "

The design of engineered wood products and timber structures involving
numerical simulations requires knowledge of the elastic and strength
properties of wood. This study characterized the elastic behavior of
Uruguayan pine wood (Pinus elliotti and P. taeda). A series of
compression tests with the load applied with respect to various grain
directions and bending tests were performed on small and clear
specimens to determine the elastic constants and establish the
relationships between the longitudinal moduli of elasticity obtained by the
two testing methods. Moduli of elasticity, shear moduli, and Poisson
ratios were determined. The longitudinal stiffness values in compression
from the same specimen obtained by the two testing methods were
similar. The moduli of elasticity in tension and compression parallel to the
grain for the elastic behavior was obtained from experimental bending
tests, and the downshift of the neutral axis until rupture was found. Using
a model that simulates the post-elastic behavior as a curve comprised of
several straight lines, the stress-strain diagram for tension and
compression parallel to the grain was obtained.
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INTRODUCTION

In the last thirty years, Uruguay has remarkably increased the availability of wood
supply because of a government policy to promote forest plantations. One quarter of a
total 1 million planted hectares is dedicated to pine wood (Pinus sp.), which grows in
intensively managed plantations, usually with thinning at the ages of 3, 5, and 15 years
and harvesting at 25 years. This resource contains high proportions of juvenile wood,
which leads to lumber with low structural properties (Moya et al. 2015). From this
supply, approximately 2.7 million m® of wood per year is available for industrial
purposes other than energy production. Less than 19% is processed for sawn timber and
plywood, and 1.7 million m® of logs, mostly slash and loblolly pine (P. elliottii and P.
taeda), have no industrial applications (Dieste 2014).

For a country like Uruguay, where building construction relies on masonry, steel,
and concrete, information about the engineering properties of wood for structural
applications lacked relevance until forest resources became available. With the current
timber supply, along with several government policies intended to develop the forest-
timber production chain (Uruguay XXI 2015), the design and manufacture of innovative
structural products represents an opportunity for investment in value-added processes.
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Sawn timber and engineered wood products (EWP), such as glued laminated timber
(Glulam) and cross laminated timber (CLT) designed with this available resource, could
be extensively employed. Some examples of potential uses of these species are residential
construction, light framing systems, prefabricated load bearing floors and walls in multi-
story buildings, and long span glulam beams in buildings and civil structures. The design
and modeling of wooden products and structures involving numerical simulations
requires the full characterization of the elastic and strength properties of the wood (He et
al. 2001; Bafio et al. 2013; Nadir et al. 2014).

Because wood is commonly thought of as orthotropic, with three mutually
perpendicular axes, longitudinal (L), radial (R), and tangential (T), its mechanical
behavior is characterized by a strain-stress relationship, referred to as the LRT reference
frame. This relationship is described by (Hooke’s law),

[c]=[C]e] and [s]=[s]-] (1)

where [o], [¢], [C], and [S] are the stress vector, strain vector, stiffness matrix, and
compliance matrix, respectively. The terms of [S] relate the material elastic constants, EL
or Eo, Er, and Er are the moduli of elasticity, G, Gtr, and Gir are the shear moduli, and
VRT, VTR, VRL, VLR, VTL, and vLT are Poisson’s ratios.

Experimentally, the terms of [S] have been frequently determined by static tests,
i.e., compression and tensile tests, on small and clear specimens for several species
(Zhang and Sliker 1991, Ballarin and Nogueira 2003; Keunecke et al. 2008; Nadir et al.
2014; Vazquez et al. 2015). Other authors (Gao et al. 2016) have employed bending tests
to determine the elastic constants. While a considerable amount of wood mechanics
studies have focused on the determination of the elastic behavior, information about the
properties in the longitudinal direction are far outnumbered by those for the other main
directions. The Young’s moduli in the radial and tangential directions are usually derived
from the longitudinal stiffness (Bodig and Jayne 1993). Even less is known about the
elastic behavior of juvenile wood, which is frequently found in fast-growth timber
harvested at an early age. The low specific gravity, short fibers, and high microfibril
angle of juvenile wood seriously affects the stiffness and strength properties (Bendtsen
1978; Kretschmann and Bendtsen 1992; Cave and Walker 1994; Kretschmann 1997).

For a few species, the complete set of the main elastic parameters is reported as an
estimate of average values in the Wood Handbook (USDA 2010). Table 1 shows the
elastic constants for mature loblolly and slash pine wood.

Table 1. Reference Elastic Constants of Loblolly and Slash Pine?

Pine Young's Moduli and Shear Moduli (N/mm?) Poisson’s Ratios
Species EL Er Er GLr Gt | Grr VLR VLT VRT VTR

Loblolly | 12300 | 1070 | 458 | 1008 | 996 | 160 | 0.328 | 0.292 | 0.382 | 0.362

Slash 13700 | 1014 | 616 754 726 | 137 | 0.392 | 0.444 | 0.447 | 0.387

Mixed® | 13000 | 1042 | 537 881 861 | 149 | 0.360 | 0.368 | 0.415 | 0.375

aReferred to a mean value computed from the loblolly and slash pine properties
Adapted from USDA (2010)

In Uruguay, most information about the elastic properties of pine species is
limited to the longitudinal modulus of elasticity obtained from static bending tests
(O’Neill et al. 2002, 2003; Moya et al. 2013). Due to its easy implementation, bending
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tests are usually the preferred method for Eo determination, rather than axial tests.
However, the modulus of elasticity differs in the compressive zone (Ec) and tensile zone
(Eo). In the longitudinal direction, timber under tension behaves linearly until failure,
while under compression, timber is elastic-plastic. Based on Navier-Bernoulli’s
hypothesis of plane strain sections remaining plane, the behavior of compressive stresses
in the section of a clear wood specimen can be divided into three phases: 1) linear and
elastic in the first phase, 2) elastic-plastic in the second phase, and 3) creep until failure in
the third phase. The yield stress in compression (ocy), ultimate tension stress (otu),
ultimate compression stress (ocu), Stiffness in tension, and stiffness in compression
usually define the longitudinal stress-strain curve for the different phases of wood
behavior (Argielles and Arriaga 2013). In a bending test, as the load increases, the
neutral axis shifts down so that the stresses of tension and compression are equilibrated.
In clear wood specimens, rupture occurs in the tensile zone after failure in the
compression zone. In compression perpendicular to the grain, behavior is almost linear in
the first phase and failure is caused by flattening, without a clearly defined failure
(Arguelles and Arriaga 2013).

Structural calculations according to Eurocode 5 (EN 1995 2014) are simplified to
elastic behavior. European standards (EN 338 2016) refer to the characteristic values of
stiffness and strength for only two directions: parallel to the grain as the longitudinal
direction, and perpendicular to the grain as an intermediate value between the radial and
tangential directions. The strength and stiffness parallel to the grain are referred to as fo
and Eo, respectively. For the perpendicular direction with respect to the grain, the strength
and stiffness are referred to as foo and Ego, respectively. The downward shift of the neutral
axis is not taken into account for timber design.

This study characterized the elastic behavior of Uruguayan fast growing pine. The
specific objectives included: i) to determine the elastic constants by compression tests; ii)
to obtain the modulus of elasticity and maximum elastic stresses in compression and
tension from compression and bending tests; iii) to define the stress-strain diagram in the
longitudinal direction; and iv) to quantify the downward shift of the neutral axis under
bending until rupture.

EXPERIMENTAL

The material for this study was obtained from pieces of pine lumber (Pinus
elliottii and P. taeda) from a more general research study (Moya et al. 2009). Ten boards
(150 x 60 x 3300 mm) with the physical and elastic axes of symmetry matching in the L,
R, and T directions were carefully selected. From each board, two sets of small and clear
samples were cut. Specimen dimensions were limited by dimensions of the boards from
which they were extracted. The first set was comprised of six specimens (20 x 20 x 60
mm) for the compression parallel (a), perpendicular (b and c), and at 45° to the grain tests
(d, e, ), following suggestions by Aira et al. (2014). The second set had two specimens
that were cut close to one another, where one (21 x 21 x 630 mm) was for the bending
tests (g), and the other (20 x 20 x 60 mm) was for the compression parallel to the grain
tests (h). This second set was used to increased number of compression parallel
specimens and to relate compression parallel and bending moduli of elasticity. The
cutting pattern for the samples with the wood grain orientation relative to the orthotropic
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directions is shown in Fig. 1. All specimens were equilibrated close to a 12% moisture
content (MC) in a controlled condition chamber (20 °C and 65% relative humidity).

Set 1. Specimens for compression tests Set 2. Specimens for bending and

compression tests
P
r

Fig. 1. Cutting patterns for specimens taken from the same board. The letters refer to the type of
test performed on the specimens: (a) parallel to the grain, (b) perpendicular to the grain
tangentially, (c) perpendicular to the grain radially, (d) at 45° LT, (e) at 45° RT, (f) at 45° LR,

(g) bending, and (h) compression parallel to the grain

Compression Tests

Prior to testing, a series of strain gauges (120 Q, 10-mm KFG-10-120-C1-11,
Kyowa Americas Inc., Novi, MI, USA) were bonded to each specimen for strain
registration. A typical specimen bonded with instruments is shown in Fig. 2a.

The tests were performed according to UNE 56535 (1977) and UNE 56542
(1988) in a controlled climate chamber (20 °C and 65% relative humidity), using a
Universal Minebea machine (Tokyo, Japan) with a 50-kN load cell and cross head speed
of 0.2 mm/min (Fig. 2b).

Fig. 2. a) Compression parallel specimen; b) test configuration
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Determination of elastic constants

The elastic constants in the i direction (L, R, and T) were obtained from the set 1
and 2 compression samples by:

Ei:ﬁ;‘/--zﬁ;vik:i (2)

& & &
where E;i is the modulus of elasticity in the i direction (L, T and R); oiis the normal stress
in the i direction; vijk is the Poisson coefficient in the i, j, k (i#j=k) directions; and &ijk is
the strain of the gauge in the i, j, k directions, respectively.

The shear moduli were obtained from the compression tests on the specimens
with the applied load oriented at 45° with respect to the direction of the grain, as
suggested by Aira et al. (2014),

T o,
ny =F=—" — (3)
vy 20e, —£,)
where Gyy is the shear modulus in the xy planes (LR, LT and RT); =y is the shear stress in
the xy planes; sy is the strain in the xy planes; oy is the normal stress; s and g are the
strain gauges in the x” and y~ directions, where X" and y~ are the axes of a coordinate
system rotated at 45 degrees respect to the main coordinate system x y.

The longitudinal Young’s moduli at 45° with respect to the three planes of

symmetry were determined by,

o,
E45, Xy 8_ (4)

where Easxy is the modulus of elasticity at 45° with respect to the xy planes (LR, LT and
RT); and ov and & are the normal stress and normal strain, respectively.

Estimation of the elastic limit and stress at the elastic limit

For compression parallel to the grain, the elastic limit was estimated as the point
where the load-strain curve deviated from a straight line that had a segment with a
regression coefficient (R?) value of 0.999.

The stress values at the elastic limit for the longitudinal direction in the LT and
LR planes (oc,y_LT and oc,y LR, respectively) were determined by dividing the load at the
elastic limit by the cross-sectional area of the test specimen.

Compression strength parallel to the grain
The compression strength parallel to the grain (fc,0) was determined by,
FC max
fc,O = (,JA\ (5)
where Fcomax is the maximum load (N) and A is the cross-sectional area (mm?) of the
specimen.

Bending Tests

Four-point bending tests were performed on the bending specimens from set 2
according to the standard for structural timber EN 408 (2011), as shown in Fig. 3b. The
distance between the loading points and supports was 120 mm. Specimens with cross-
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sections matching in the RT plane were carefully selected. Two strain gauges, each
positioned on the mid length of the upper and lower R face, were used to measure the
compression and tension strains, respectively. The cross head speed was 4.5 mm/min.

In the elastic range of the stress-strain diagram, both the tension and compression
behave linearly; therefore, the values of the modulus of elasticity in tension and
compression can be obtained from the bending moment that has been determined
experimentally, with the knowledge of the neutral axis location.

Fig. 3. a) bending specimen; b) test configuration

Neutral axis location

Assuming a linear distribution for both the tension and compression strains until
failure, the location of the neutral axis for each associated load was determined by the
intersection of the straight-line connecting strains in compression and tension with the
ordinate axis. The downshift of the neutral axis (e), as a function of the compression and
tension strains and the height of the specimen, was deduced from the straight-line
equation, and computed by,

_ (& +e)h

26— 2.) ©)

where & is the longitudinal strain in compression (unitless), et is the longitudinal strain in
tension (unitless), e is the downshift of the neutral axis with respect to the 0-value in the
y-axis (mm), and h is the height (mm) of the cross-section of the specimen.

Moduli of elasticity in tension and compression parallel to the grain for the elastic
behavior
The moduli of elasticity were obtained as the relation between the difference of

stresses and strains, on a straight line of the stress-strain curve, using the portion of the
line between 10% and 40% of the maximum load from the bending tests. The calculation
is as follows,
E _ 0-0,40 _O-C,lo E _

=0 "0 E =
’ €ca0 " €c10 - Eta0 ~St10 ©)

Ot.40 — Ot 10

where oc40-0¢,10 IS the increment of stress in compression corresponding to the increment
of loads Fao-F1o (N/mm?), ar40-at10 is the increment of stress in tension corresponding to
the increment of loads Fao-Fio (N/mm?), ecao-ec10 is the increment of strains in
compression corresponding to Fao-Fio (unitless), et40-et10 is the increment of strains in
tension corresponding to Fao-Fio (unitless), Fao-Fio is the increment of load on the
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straight line portion of the load-strain curve (N), and Fio and Fao is 10% and 40% of the
Fmax, respectively.
Stresses in compression and tension parallel to the grain

In the elastic phase, the stress-strain diagram is linear both in tension and
compression; therefore the compression and tension stresses were calculated from the
bending moment and location of the neutral axis for the corresponding load (Fig. 4), by:

h 2 h 2 .h

(TC:ZM/b(5+e)|:§(§—e)+§(5+e)j| (8)
h 2 .h 2 .h

O't:2M/b(E—e)|:§(E—e)+§(E+e)} (9)

where M is the bending moment obtained from the experimental tests (N/mm?), e is the
downshift of the neutral axis for the corresponding load of the bending moment (mm), b
and h are the width (mm) and height (mm) of the cross-section of the specimen,
respectively, and oc and ot are the compression and tension stress (N/mm?), respectively,
for the elastic phase.

The stress at the elastic limit in compression (ocy) was obtained following similar
methodology to that of the compression tests.

The post-elastic stress-strain curve of wood under compression parallel to the
grain was simulated with three elastic-linear straight sections in the stress-strain diagram,
as shown in Fig. 4. Four load states were considered: the first, for the linear and elastic
behavior corresponded to Phase 1 (Fig. 4a), and the other three, for the stress-strain curve
corresponded to Phase 2 (Fig. 4b). Knowing the downshift of the neutral axis for each
state and that the area of the compressed side (comprised of rectangles and triangles) was
equal to the area of the tensile side, the maximum stress for each straight section was
calculated. Similarly, the modulus of elasticity for each section was computed as the
quotient of the difference between the stresses and strains at the initial and final points of
the straight line.

a) b)

h M ¥ B ¥ I e B A S
& =]
S e
(/%) /__/EG;;/

b 'TQ I State 1 State 2 State 3

Phase 1 Phase 2

Fig. 4. Stress-strain curve for the load states: a) elastic behavior in Phase 1; b) post-elastic
behavior in Phase 2
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Bending strength
The bending strength was computed from the maximum load in the bending tests,
by (EN 408 2011),

f =M/W =3F_ a/bh’ (10)

where fm is the bending strength (N/mm?), M is the bending moment (N/mm), W is the
section modulus for a rectangular cross-section (mm?), Fmax is the maximum load (kN), a
is the chord shear length (mm), and b and h are the width (mm) and height (mm) of the
cross-section of the specimen, respectively.

RESULTS AND DISCUSSION

Compression Tests

The compressive load-strain curves for the longitudinal, radial, tangential, and at
45° specimens were obtained using the mean values of the axial deformations from the
respective parallel faces. The elastic constants were determined in the linear phase of the
load-strain diagram within the range of 10% to 40% of the maximum load.

Compression parallel to the grain tests

Table 2 shows the results of the elastic and strength properties from the parallel to
the grain tests. The mean values of the density and moisture content (MC) of the tested
specimens were 0.421 (coefficient of variation, CoV = 10%) and 11.9 (CoV = 4%),
respectively.

Table 2. Compression Parallel to the Grain Tests

Young’s . , .
Specimen? Dimensions Modulgsb, PO'SS.OES Stress.at.IEIastlc Strength®
pecimen Ratio Limit P
(mm) EL (N/mm?2) (N/mm?)
(N/mm?)
a b Evr Eir VLR? vit? Oey LT | ooy iR | feo it | feoLr
1 (a) 20.70 20.97 | 4200 | 4346 | 0.525 | 0.342 19 20 28 24
2 (@) 20.81 21.05 | 4338 - 0.435 | 0.434 17 - 26 -
3 (a) 20.54 20.45 | 6731 - 0.582 | 0.421 26 - 28 26
4 (a) 20.40 | 19.90 - | 3624 | - - - 15 28
5 (a) 20.96 20.75 | 7606 - 0.563 | 0.410 14 - 28 -
6 () 21.18 21.12 | 6194 - 0.400 | 0.427 23 - 28 -
7 (@) 20.57 21.03 | 3628 | 3805 | 0.483 | 0.315 18 18 23 -
8 (a) 20.36 20.46 | 8258 - 0.600 | 0.503 24 - 26 -
9 (a) 20.80 20.60 - 6876 - - - 21 - 23
10 (a) 21.02 21.02 | 5945 - 0.486 | 0.369 21 - 26 -
11 (a) 21.10 | 21.00 - | 5850 | - - - 22 - 28
12 (a) 20.91 20.58 | 4955 | 5134 | 0.495 | 0.585 18 18 25 25
13 (a) 21.58 21.43 | 5407 | 5609 | 0.505 | 0.389 18 22 28 28
Mean 20.84 20.80 | 5726 | 5035 | 0.507 | 0.419 20 19 27 26
CoV (%) 2 2 26 23 12 19 18 13 6 2

aLetter in parenthesis refers to specimen position within the board as indicated in Fig.1

b Adjusted to 12% MC
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A one-way analysis of variance (ANOVA) was performed on the experimental
data to test the significance of the differences between the properties obtained for the LT
and LR planes. No statistical differences (P > 0.05) for the stiffness (ELt versus ELRr),
stresses (ocy LT Versus ocy LR), and strengths (fco Lt versus fco Lr) were found. Further
comparison of the mean values of ELt and Evr for the four specimens with the same 1D
showed a relative difference of 3% to 5%. The experimental results of EL (ELt or ELR)
were about half that of the values for loblolly (12300 N/mm?) and slash pine (13700
N/mm?) given in the Wood Handbook (USDA 2010), and could be attributed to the
presence of juvenile wood in most specimens. Juvenile wood, compared to mature wood,
contains higher microfibril angle and lower relative density, that acting together affects
the stiffness (Kennedy 1995). It should be noted that the samples analyzed in the present
study came from trees that were harvested at 25 and 15 years old. Bearing in mind that
transition from juvenility to maturity in loblolly and slash pine usually occurs between 14
and 18 years old (Clark and Saucier 1989; Ballarin and Palma 2003), and the fact that
during the first 30 years of growth stiffness increases 3 to 5 times (Cave and Walker
1994), it is not inconsistent that our samples showed low stiffness values.

The mean values of the Poisson’s ratios for the LT and LR planes, adjusted to
12% MC, were 0.419 and 0.507, respectively. While the first was within the range of
values for loblolly and slash pine, the second was higher than the corresponding
references (0.328 and 0.392, respectively) reported in Table 1.

The elastic limit was reached at an average value of the 1.3- and 1.4-times the
maximum load for compression parallel to the grain in the LT and LR planes,
respectively. As a result, elastic behavior was guaranteed for loads lower than 0.4-times
the maximum load required in EN 408 (2011). The mean values of 27 and 26 N/mm? for
the compression strength parallel to the grain agreed with previous results for the same
species (Moya et al. 2013).

Compression perpendicular to the grain tests

For compression perpendicular to the grain, the mean values of the Young’s
moduli from 10 specimens per direction (R or T), adjusted to 12% MC, were an Er of
1010 N/mm? (CoV = 10%) and Et of 517 N/mm? (CoV = 21%). These values were close
to those listed for Er and Et in the Wood Handbook (USDA 2010) for the same species
(Table 1). Moreover, the anisotropy ratio on the transverse plane (Er/ET) was 2, which is
in good agreement with published values. The average values of the moduli ratios were
an EL/Er of 6 and EL/Er of 12, which were approximately half that of the respective
ratios for loblolly (EL/Er = 11 and EL/Et = 27) and slash pine (EL/Er = 12 and EL/ET =
22) (USDA 2010). These findings suggested that juvenile wood more intensely affects
the Young’s modulus in the longitudinal direction than in the other directions. In line
with our findings, Kretschmann (2008) working with clear wood loblolly pine, reported
that modulus of elasticity in compression perpendicular to grain either radially or
tangentially, was less sensitive to changes in juvenile wood content for a given
orientation, than ring orientation.

The mean values of Poisson’s ratios, adjusted to 12% MC from 10 specimens per
direction (R or T), were a wr of 0.135 (CoV = 33%) and vrr of 0.153 (CoV = 78%).
According to Table 1, the reference wrrand vrr values are 0.415 and 0.375, respectively,
which are 2.8- and 2.3-times higher than the experimental results obtained from the
Uruguayan pine. The data of the vrL and vri, not reported here, was not reliable because
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eccentricity of the applied load on some specimens was observed during testing. In some
cases, the values were positive for one face (compression) and negative for the other
(tension), which affected the average measurements, and was responsible for the
inconsistency of the wrL and vrL values.

The coefficients of variation for the Poisson’s ratios obtained in the compression
perpendicular to the grain (either radially or tangentially) tests were higher (all above
31%) than those from the compression parallel to the grain tests (below 20%). Similar
observations were reported by Sliker (1985), who argued that the orientation of the wood
cell axes influences the growth ring curvature, and the change from earlywood to
latewood along with other factors may explain data variability.

Compression at 45° to the grain tests

The shear properties of the specimens with an off-axis angle of 45° were
determined in the LR, LT, and RT planes. The mean values of the shear moduli, adjusted
to 12% MC, were a Gir of 984 N/mm? (CoV = 38%), GLt of 605 N/mm? (CoV = 38%),
and Grr of 523 N/mm? (CoV = 38%). Ten specimens per direction were tested. The GLr
was within the range of published values (USDA 2010), while the GLt was 30% lower
and Grt was 3.5-times higher than the reported values. The heterogeneous results from
the off-axis measurements, reflected by high coefficients of variation, could be attributed
to the influence of the growth ring curvature, as suggested by Garab et al. (2010).

The mean values of 10 specimens per direction, adjusted to 12% MC, for the
longitudinal moduli of elasticity at 45° to the grain in the LR, LT, and RT planes were an
EssLr of 2080 N/mm? (CoV = 17%), EassLt of 1271 N/mm? (CoV = 27%), and Essrt of
461 N/mm? (CoV = 25%). The experimental Essir and Eas, rr values agreed with the
values reported by Aira et al. (2014) for mature P. sylvestris (Ess.r = 2187 N/mm? with
28% CoV, and Essrt = 310 N/mm? with 30% CoV), while the Eass, L. value was half that
of the reference (Ess Lt = 2385 N/mm? with 29% CoV).

Summary of elastic constants
Table 3 summarizes the elastic parameters obtained from this study.

Table 3. Elastic Constants of Fast-Growth Uruguayan Pine? Determined from the
Compression Tests

Young'’s and shear moduli (N/mm?) Poisson’s ratios
Specimen | E.? Er Er | Essir | Glr | Gut | GrT | VIR VLT VRT VTR
n 10 10 10 10 10 | 10 | 10 10 10 10 10

Mean 5726 | 1010 | 517 | 2080 | 984 | 605 | 523 | 0.507 | 0.419 | 0.135 | 0.153
CoV (%) 26 10 21 17 38 | 38 | 38 12 19 33 78
aCorresponded to the measurements on the LT plane (EL7)
n is the number of replicates

From Table 3 the following relationships between elastic constants were obtained:
o EiLEr:Er=11.07:1.95:1;

EL:ErR=5.7:1;

GLr: GLT: GrRT=1.9:1.2: 1;

GLr: GLT=1.6: 1,

EL:Glr=58:1
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The relationship between modulus of elasticity in the longitudinal direction and in
the radial direction was half of the value reported in the literature (Bodig and Jayne
1993). A similar difference was found for the relationship between the longitudinal
stiffness and the shear modulus of elasticity in the LR plane.

Bending Tests in the Elastic Phase

The longitudinal moduli of elasticity in tension (E:) and compression (Ec) were
derived from the experimental bending moment, and the ratio of E/Ec was computed. Ec
was compared with the corresponding EL obtained from the compression tests.

The typical load-strain diagrams from compression parallel to the grain and
bending tests are shown in Fig. 5. For specimens 9 and 12, Fig. 5a depicts the
compression load-strain diagrams from the compression parallel to the grain tests (9 (h)
and 12 (h)), and Fig. 5b shows the compression and tension load-strain diagrams derived
from the bending tests (9 (g) and 12 (g)).

a) Compression tests b) Bending tests
Specimen 9 (h) Specimen 9 ()
14
1.6 -
12 1.4
10 —~12
= b
< 8 < 1 .
~ Compression
i < 08
o 6 ——Tension
- © 0.6
4
0.4
2 0.2
0 0
0 0.002 0.004 0.006 0.008 0.0000 0.0040 0.0080 0.0120  0.0160
Strain (p€E) Strain (pE)
12 Specimen 12 (h) Specimen 12 (g)
1
10
Z s =08
g z
=06
B 6 = Compression
o @
-1 3 3 0.4 Tension
2 0.2
0 0
0 0.005 0.01 0.015 0.0000 0.0040 0.0080 0.0120 0.0160
Strain (pE) Strain (u€)

Fig. 5. Load-strain diagrams in the LR plane from the a) compression tests and b) bending tests

Table 4 shows the properties obtained from the bending tests. A mean value of 1.3
for the Ev/Ec ratio agreed with the values reported in the literature (Conners and Medvecz
1992; Bafio et al. 2012).
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For the four specimens with the same ID, the mean value of Ec derived from the
bending tests (Ec = 5309 N/mm?) was in agreement with the corresponding Ec obtained in
the compression tests (Ec = 5311 N/mm?). These were promising results, but the
insufficient number of replicates prevents drawing conclusions with regards to
similarities of the moduli. It is worth noting that large differences between the moduli of
elasticity from the bending and compression tests were found when eccentricity in the
compression tests was observed (e.g., specimen 12 (a)).

At the maximum load in the bending tests, specimen failure occurred on the
tensile side. The bending strength (fm) and location of the neutral axis (e) for the
maximum stress in tension (otu) were estimated. Assuming a linear behavior in tension
until failure and a constant E:, a mean value of 90 N/mm? for oru was found. The mean
value of the bending strength was 54 N/mm?, and the downshift of the neutral axis at the
maximum load varied between 2.9% and 12% with respect to the height of the specimen.

Table 4. Elastic and Strength Properties Determined from the Bending Tests

a b MC P EcP E:P & fm® Ot e/h®
Specimen? (mm) (%) | (g/cm?®) (N/mm?) E; (N/mm?) (%)
3(9) 20.7| 206 |11.1| 345 3987 6093 15 39 52 6.3
5(y) |21.0] 209 |[115| 356 | 5808 | 6652 1.1 48 73 2.9
9(y) |20.7]| 20.7 [11.7] 406 | 6938 | 7468 1.1 60 90 3.4
12 (9) 209 | 20.8 |11.8| 432 3598 5219 15 39 56 12.0
20 (9) 21.2| 208 |11.2| 351 3849 4028 1.0 40 76 7.2
21(g) |21.3] 215 |11.4| 399 | 6851 | 10819 | 1.6 68 132 8.4
22(g) |24.9] 247 |11.7] 378 | 8386 | 11035 | 1.3 73 135 95
23 (9) 242 248 |119| 391 6030 8044 1.3 64 108 10.6
Mean 21.0| 209 |[115| 382 5681 7420 1.3 54 90 7.5
CoV(®%) | 10| 13 | 2 8 30 34 16 26 36 43

aLetter in parenthesis refers to specimen position within the board as indicated in Fig.1
b Referred to 12% MC

¢ Bending strength

d Maximum tension stress

¢ Percentage of downshift of the neutral axis with respect to the height of the specimen

The elastic limit was more difficult to determine in the bending tests than in the
compression tests. The reason for this was that there was a less steep transition from the
straight- to curvilinear-line of the compression load-strain diagram obtained from the
bending tests compared with that obtained from the compression tests (Fig. 5). The yield
stress (ocy) obtained in the bending tests was 27 N/mm? (CoV = 30%), which was 30%
higher than the value obtained in the compression tests. This difference could be
attributed to the fact that the ocy determined by the bending test falls in the non-linear
phase; therefore, Hooke’s law is not valid for its estimation. Similar to this finding,
Pérez-Zerpa et al. (2017), using a novel method to identify the elastoplastic properties of
P. taeda from artificial data, found that the yield stress from the bending tests was 45%
higher than the corresponding stress obtained from the compression tests.

Measuring the longitudinal compressive strains in the bending tests addressed the
problems related to load eccentricity observed during the compression testing.
Furthermore, the bending test has the advantage of being able to simultaneously measure
tensile and compressive strains. Thus, problems regarding insufficient clamping
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frequently observed during the testing of specimens in tension parallel to the grain were
avoided.

Bending Tests in the Post-Elastic Phase
The stress-strain diagram in the post-elastic phase for the longitudinal direction
was estimated, and is shown in Fig. 6.

a) Specimen 22 (g) b) Specimen 23 (g)
90 R 24.78
& 80 , 7 .
g 70 P c
e 60 7/ =
Z 50 -7 = 12.39
~ 40 = :
(] [@))] 7
0 30 = -,
o, 2 . .
&4 18 = = Tension L Pie = = Tension
mpression s Compression
0 Compressio . B p
0.000 0.005 0.010 0.015 -100 -50 0 50 100
Strain (u€) Stress (N mm-2)

Fig. 6. a) Stress-strain diagram parallel to the grain; b) stress distribution through the height of
the specimen

Figure 6a depicts the stress-strain diagram for specimen 22 (g). Figure 6b shows
the stress distribution through the height of specimen 23 (g), and the downshift of the
neutral axis with respect to the centroid of the cross-section was determined. The stress
distribution for the specimens shown in Fig. 6 was congruent with the simulation results
previously reported by Bafio et al. (2012). However, for most of the specimens, the
diagrams obtained using the methodology previously described followed a saw-tooth
pattern, as depicted in Fig. 7. The figure showed the error sensitivity of the applied
method in the strain measurements. A similar response was reported by Iraola-Saenz
(2016) for the simulated post-elastic behavior with five straight lines and their
corresponding slopes.

Specimen 12 (g)
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Fig. 7. Stress-strain diagram parallel to the grain (saw-tooth pattern)
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CONCLUSIONS

1.

The experimental results of the longitudinal modulus of elasticity in compression
tests were about half of the values reported in the literature for the same species,
findings that could be attributed by the presence of juvenile wood observed in most
specimens.

The results from the compression tests showed that the modulus of elasticity in the
radial direction had an approximate value of 1/6 of the longitudinal modulus of
elasticity (Er~ EL/6). The shear modulus in the LR plane showed an approximate
value of 1/6 of the longitudinal modulus of elasticity (GLr = EL/6). The Poisson’s
ratios were highest in the LR plane, and were lowest in the RT plane.

The longitudinal moduli of elasticity in tension (Et) and compression (Ec) were
derived from the experimental bending moment, and a value of 1.3 for the Ev/Ec ratio
was found. Additionally, the mean value of the modulus of elasticity in compression
from the bending tests was close to that from the compression parallel to the grain
tests.

The downward shift of the neutral axis due to the differences in the modulus of
elasticity in tension and compression parallel to the grain until tensile failure was
estimated to be 7.5% with respect to the height of the specimens.

The methodology presented in this study for the estimation of the compression yield
stress was valid for the compression tests, but not for the bending tests. The mean
values of the yield stress from the compression tests were 20 and 19 N/mm? for the
strains measured in the LT and LR planes, respectively.

The simulation of the post-elastic behavior of wood in compression parallel to the
grain, assuming a curve comprised of several straight lines and using the equilibrium
method of areas in tension and compression for different load states, was applicable
for the experimental data.
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