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Project Title: Development of a new method for real time assessment of internal stress in
lumber during and after kiln drying
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Due to difficulties in determining modulus of elasticity of wood, only strain or deflection profiles
caused by relaxation of internal stress are normally evaluated for industrial kiln-dried lumber. To
directly assess the level of internal stress within the lumber, a new technique of measuring the
restoring force on a half-split specimen has been presented and the corresponding device has
been designed and constructed (Chapter 3, Paper I). The measured restoring force varies with
half-split length and specimen dimension. A mathematical model based on an elastic cantilever
beam theory has been successfully developed to describe the restoring force behavior in a
flexural response regime. By means of the calculated shape factor, the magnitude of the
maximum linearly averaged internal stress o, in the width direction can be derived without
prior knowledge of the modulus of elasticity of wood (Chapter 4, Paper I). In the specimens
containing other stress components, the model has been modified to separate the effects of
other stress components in term of a remnant force P, for a better estimation of & (Chapter 5).
For a use in the lumber industry, a restoring force-internal stress chart has been designed to
deduce both &, and P,directly from the measured restoring force profile. Outside the flexural
response range, a numerical analysis based on finite element model has been employed to
determine the shape factor for various dimensions of lumber (Chapter 6). The proposed restoring
force technique has been found to be quantitatively consistent with the conventional McMillen
slice test and the standard case-hardening test (Chapter 7, Paper Il). Finally the restoring force
measurement has been adopted to monitor in real-time a generation of drying stress within the
lumber from different rubber tree trunk locations. The detected restoring force profiles,
consisting of two negative force maxima, appears to proceed slower in the inner juvenile wood
than in the outer mature wood. The second negative force maximum gradually disappears upon
water immersion of the specimens (Chapter 8, Paper lll). The restoring force technique will be
employed to investigate complex thermodynamic and kinetic mechanisms of internal stress
generation within lumber during kiln drying in the next 3-year program of the TRF Research
Career Development Grant.

Keywords: Internal stress, stress measurement, wood drying, rubberwood
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Without a proper assessment of internal stress (IS) developed within lumber during drying, up to 7% of
kiln dried rubberwood lumber is normally rejected as a result of severe drying defects and distortions.
Because of the interrupted and destructive nature of all available standard tests which rely primarily on
measurements of strain related behavior, it is almost impossible to adapt those techniques for a real-time
IS measurement. A new concept of measuring a restoring force of a “half-split” specimen has been
proposed by the author. However, there is a need to design the restoring force device and to generalize
the equation used to convert the measured restoring force to IS for various sizes of lumber commercially
kiln dried in the industries.

TngUseain

The objectives of the research are to (i) design and construct the device for detecting the restoring force
for practical uses in lumber industries, (ii) propose the practical equations for evaluation of internal
stresses developed within different sizes of rubberwood lumber using the restoring force measured and
(iii) develop the online restoring force measurement technique to study variability of internal stress within

a rubber tree trunk.
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A new force based technique for a direct assessment of internal stress within lumber has been presented
and the corresponding device has been designed and constructed (Chapter 3, Paper I). Optimal set up of
the apparatus was also demonstrated. The measured restoring force appears to vary with half-split length
and specimen thickness. A mathematical model based on an elastic cantilever beam theory has been
successfully developed to describe the restoring force behavior in a flexural response regime. By means
of the calculated geometrical shape factor, the magnitude of the maximum linearly averaged internal
stress o, in the width direction can be derived without prior knowledge of the modulus of elasticity of
wood (Chapter 4, Paper I). In the specimens containing other internal stress components, the model has
been modified to successfully separate the effects of other stress components in term of remnant force
P, for a better estimation of the main internal stress o (Chapter 5). In addition, the restoring force-
internal stress chart has been improved to be more universal for investigating the internal drying stress.
No matter whether the other stress components exist or not, the chart is able to determine the stress in
any pieces of kiln-dried lumber. For a practical use in the lumber industry, a restoring force-internal stress
chart has also been proposed to deduce both ¢, and P, directly from the restoring force profile. Outside
the flexural response range, a numerical analysis based on finite element model has been successfully
employed to determine the geometrical shape factor for various dimensions of lumber (Chapter 6). A
comparison of the restoring force technique has been made against the conventional McMillen slice test
and the standard case-hardening test. The measured restoring forces for each lumber’s size are
quantitatively consistent with the released strain data measured by the McMillan slice test and the case-
hardening test values (Chapter 7, Paper II). Finally the restoring force measurement has been adopted to
monitor in real-time a generation of drying stress within the lumber from different rubber tree trunk
locations. The restoring force profiles, consists of two negative force maxima, appears to proceed slower
in the inner juvenile wood than in the outer mature wood. The second negative force maximum gradually
disappears upon water immersion of the specimens. It is proposed that variability of the internal stress
within the trunk of a rubber tree originates from the role of cell wall amorphous constituents and cell
wall extractives on creep property and the movement of bound water within the wood cell wall during
drying (Chapter 8, Paper lll). The proposed restoring force technique has potential to be an alternative
method to the existing techniques for a reliable and meaningful assessment of drying stress within

industrial kiln-dried lumber both during and after kiln-drying.

TolaUBIU9INNITIVY
The proposed restoring force technique will be employed to investigate complex thermodynamic and
kinetic mechanisms of internal stress generation within lumber during kiln drying in the next 3-year

program of the TRF Research Career Development Grant.

malvlgselemd

A new force based technique for a reliable assessment of internal stress within lumber, which has
overcome many difficulties of the conventional methods especially in determining modulus of elasticity
of wood, has been published in prestigious journal in a field of wood science and technology (Wood
Science and Technology Journal). The author convinces that this technique will be accepted by the
international community of wood science and technology as an alternative standard method for an

assessment of internal stress within lumber to be used worldwide.
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Chapter 1

Introduction

1.1 Research problem and its significance

In industrial lumber drying, the difficulty experienced during the process is the
tendency of the wood defects and distortions. Without a proper control of the drying
process, up to 7% of kiln dried rubberwood lumber is normally rejected as a result of severe
drying defects and distortions (Angvitayatorn 2014, Luengworaphan 2014). Defects generated
during drying are mainly caused by a high perpendicular to grain internal stress (IS)
developed within the lumber as a result of differential shrinkage between the surface and
the core sections (Simpson 1991, Perré and Passard, 2007). This IS generated during drying is
influenced by temperature, relative humidity and air flow inside the kiln (Simpson 1991,
Tarvainen et al. 2006, Pang 2004). If IS is ignored, or is not properly accounted for, an
attempt to reduce drying time and energy by simply accelerating the drying rate could easily
result in creating various defects e.g. warps, internal splitting, surface checking and end
checking. Average moisture content, traditionally utilized to progress the drying schedule to
a more severe condition, is not a proper indication of the development of the internal stress
and as a consequence is not appropriate for kiln schedule control (McMillen 1963, Fuller
2000).

To evaluate IS within lumber during or after kiln drying, many standard techniques
such as the McMillen slice test (McMillen 1963), the prong test (Simpson 1991) and the cup
test (the European Committee for Standardization 2002) are generally employed. However,
because of the interrupted and destructive nature of the tests, it is almost impossible to
adapt such techniques for a real-time IS measurement. In addition, all standard tests
mentioned rely primarily on measurements of deformation or strain related behavior rather
than direct measurements of force or stress. Modulus of elasticity, depending on several
factors such as moisture content, density and orientation of wood (Matan and Kyokong
2003), can complicate the interpretation of the IS levels from the magnitude of the strain
values obtained. As a result, the prong test, widely used to quantify the amount of residual
IS left within lumber after drying, was reported to potentially provide an ambiguous reading

on the level of the IS (Fuller and Hart 1994).
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A research team at the Center of Excellence in Wood Science and Engineering,
Walailak University originally invented a new technique which was able to detect the IS
behavior by monitoring the restoring force of a so called “half-sawn” specimen which can
be measured during drying in a real time mode (Diawanich et al. 2010, Tomad et al., 2012)
or after drying in an interrupted mode (Diawanich et al. 2012). In addition, the resultant force
obtained has been verified with differential released strains obtained from the interrupted
McMillen’s slice test. An equation has also been proposed to interpret the restoring force in
terms of ISs. However, the device built and the calculation of IS have been restricted to the
30mm thick and 80mm wide rubberwood lumber.

There is a need to redesign the restoring force device and to generalize the equation
used to convert the measured restoring force to IS for various sizes of lumber commercially
kiln dried in the industries worldwide. The finite element (FE) method has been employed in
this research as a tool to generate numerical models with necessary parameters and to
predict the ISs in rubberwood lumber. An attempt has been also be made to find a closed-
form expression for the shape factor used to derive IS from the measured restoring force for

various sizes of lumber.

1.2 Objectives
The objectives of the research are to
1. Design and construct the device for detecting the restoring force for practical uses in
lumber industries.
2. Propose the practical equations for evaluation of internal stresses developed within
different sizes of rubberwood lumber using the restoring force measured.
3. Develop a physically based model for describing the restoring force in a real-time

mode.

1.3 Scope of research

Various sizes of rubberwood lumber available in the industries have been used
throughout this research. Finite element analysis has been performed to simulate the
restoring force measured. Once the model has been validated, the correction factor which is
dependent on size of the lumber has been deduced for the calculation of the internal

stress.
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Chapter 2

Literature review

2.1 Generation of internal stress within lumber during drying

At the beginning of the drying period, moisture content of a whole piece of lumber is
still above the fiber saturation point at which cell walls are completely saturated by water
and no free water in cell cavities. Changes of lumber dimensions are vanished and internal
stresses do not exist at this phase. Whenever the moisture content at the outer layer is
below the fiber saturation point while the inner one is still saturated, the differential
shrinkage is turned out as a result of the restraint between the dry exterior and the wet
interior. At this point, the incompatible deformation induces a tensile stress in the exterior of
a lumber in which counterbalances a compressive stress in the interior layer (Figure 2.1a).
Undesired surface and end checking of a lumber may come up if the tensile stress
perpendicular to the grain exceeds its strength during the early period. As the drying process
carries on, the surface and the core are dried under tensile stress the compressive stress,
respectively, as a result of time dependent behavior, i.e. viscoelastic and machano-sorptive
creep. The internal stress at the surface layer then reverse from tensile to compressive
stress, and compressive stress in the core layers also inverts to tensile stress in the
meanwhile (Figure 2.1b). Then, unwanted core splitting may show up at the end of the

drying process. This mechanical response is also known as casehardening (Perré and Passard

2007, Moutee et al. 2007).
2 +— tensile
| stress
FSP o
) ' —1 compressive

stress

stress
FSP
e | e L compressive

Xeq | —] stress

b
Figure 2.1 Internal stress generation within lumber during

(a) the first and (b) second stages of drying (Perré and Passard, 2007).
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2.2 Internal stress measurement techniques
2.2.1 The McMillen slicing technique
According to the McMillen slicing technique (McMillen, 1963), the lumber is first cut to
the specimen with a 30mm section along the grain. While still in the complete section, the
specimen is pre-marked across the thickness in to many equaled slices. The width of each
slice is measured. As each slice is cut free, it contracts or elongates depending on whether
the wood of the slice was under tension or compression. After cutting into many equaled
slices, width of each slide was immediately measured (Figure 2.2). Elastic strain of each slice

is then calculated using the width measured before and after slicing.

GREEN
¥y WioTH

] ';F:f"" “NaoRmaL
OVENDRY
WIDTH
OVENDRY
BEFORE AFTER SLICES
SLICING SLICING SHOW SET
MEASUREMENT

Figure 2.2 The McMillen slicing technique (McMillen, 1963).

2.2.2 The cup test

Assessment of IS according to the cup test (European Committee for Standardization,
2010) is shown in Figure 2.3. The specimen, full cross section with 15 mm long, is cut into
two half of equal thickness. The distance between the two test pieces at mid-point is
recorded on the test jig. That distance is then subtracted with diameter of test jig pins to
obtain the actual distance between two pieces of specimens and multiplied by a factor of

1.78 to obtain the CEN value (European Committee for Standardization, 2010).
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(b) (0
Figure 2.3 Method for assessment of the cup test (a) preparation of the test slice from
lumber, (b) marking and cutting of the test slice and (c) evaluation of IS with the test jig

(European Committee for Standardization, 2010).

2.2.3 The prong test

The prong test (Figure 2.4) is commonly used by industry as part of quality control
program to assess the stress state in lumber (Simpson, 1991). Lumber is usually cut into
three prongs, and the middle prong is removed. To indicate stress level, Fuller (1995)
proposed the prong response, PR = (W-W’)/2 where W is the precut prong tip distance, W’ is

the release prong tip distance, and L is the prong length.
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Figure 2.4 Prong test geometry and recorded measurements (Fuller, 1995).

2.2.4 The Flying-wood test
The Flying-wood test was proposed to monitor the development of IS in real
time during drying (Figure 2.5). A specimen with five insulated faces is dried so that the
moisture can migrate only through the free face. The irregular moisture profiles produce a
stress field whose torque is not balanced. This stress field bends the sample section. Such

deformation reflects the IS within wood (Allegretti and Perre, 2000).
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Figure 2.5 The Flying-wood test (Allegretti and Perre, 2000).

2.2.5 The Flying-wood test with fixed displacement

The Flying-wood test was further developed by Allegretti (2004) to investigate force
required to keep the board flat during drying using the three dot-shaped devices (Figure 2.6).
The bending curvature is constrained by the load cell which can measure the correspondent
tensile or compressive force according to the potential cupping direction. Evolution of the
measured forces during drying of beech wood at 5, 10 and 15 mm thick at 45°C, 65°C and

85°C are shown in Figure 2.7.

Figure 2.6 The device for measuring forces required to keep the flying-wood specimen flat
during drying: a) stiff bar, b) lateral supports screwed to the board, c) load cell measuring
forces in T direction, d) wooden board with five insulated faces and e) sliding blocks and

hinges that can move in R direction and rotate around the L axis (Allegretti, 2004).
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Figure 2.7 Forces required to keep the flying-wood specimen flat during drying of beech

wood at 5, 10 and 15 mm thick at 45°C, 65°C and 85°C (Allegretti, 2004).

2.2.6 A sensor to measure wood stress during drying process

Allegretti and Ferrari (2008) developed a force sensor to measure the magnitude of IS at
specific location in lumber during drying. The sensor has been designed using a silicon micro-
machined pressure gage insert in a Teflon shell. Teflon works as a medium between the
gauge and wood (Figure 2.8). The force sensor is inserted in the hole of the board in the
longitudinal direction. From the measurement signals shown in Figure 2.9, compressive force

was applied at (A) to keep the sensor contact with the wood.

e

sensor insered in
the core

sensor insened
mear the surface

Figure 2.8 A force sensor used to measure IS at specific location in wood during drying

(Allegretti and Ferrari, 2008).
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Figure 2.9 Measurement signals obtained from the force sensor (Allegretti and Ferrari, 2008).

2.2.7 The restoring force measurement technique

The restoring force required to restrain a so-called “half-sawn” specimen (Figure
2.10a) straight during drying is measured via a load cell (Diawanich et al. 2010). The halfsawn
specimen is prepared from fresh lumber of dimensions 30mm (thickness in radial
direction)x80mm(width in tangential direction)x50mm (length in longitudinal direction) sawn
in the tangential direction by a half width (40mm) in order to divide the thickness into half
(15mm). The saw line is 2mm wide. Longitudinal surfaces and the half-sawn faces are then
sealed with thin aluminium tape to prevent moisture loss, before inserting a thin piece of
heat insulation into the saw line to prevent direct heat transfer into the core of the
specimen. Force generated as a result of the half-sawn specimen’s shrinkage has to be
compensated for by adding a “free shrinkage” specimen of the same dimensions (Diawanich
et al. 2010, Tomad, et al. 2012). The restoring force measuring device equipped on both the

half-sawn and the free shrinkage specimens is shown in Figures 2.10b and 2.10c.
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Figure 2.10 Schematic diagram illustrating details of (a) the half-sawn specimen, (b) the
restoring force measuring device equipped with the half-sawn and the free shrinkage
specimens and (c) photograph of the device with an inset showing installation of the device

inside the lumber stack in the drying kiln (Tomad, et al. 2012).

Diawanich et al. 2010 demonstrated that the technique could be used to monitor
the evolution of internal stress from the beginning until after the end of drying (Figure 2.11).
The measured restoring force remains at zero at the beginning of drying before taking a
negative value, corresponding to a net tensile force in the half-sawn specimen. After
attaining a maximum value, the amount of tensile force swiftly decreases and changes its
sign to a positive one, corresponding to a net compressive force on the half-sawn specimen.
The compressive force is continuously increasing and reaches a maximum before slightly
declining up until the end of the drying process. Apart from being able to detect the internal
stress evolution during drying, cooling and conditioning, the device was also able to detect
internal stress changes after conditioning when the kiln door was opened and the lumber
was exposed to the ambient atmosphere outside the kiln. A sharp drop of force after

conditioning period was expected to cause by temperature difference between the surface
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and the core layers. This sharp drop in force was only temporary, after the whole specimen
was cooled down, the force raised back close to the original value after conditioning. After
drying and conditioning, the internal stress within the kiln dried lumber still evolved in the
ambient atmosphere outside the kiln. Compressive force detected increase during the night
due to moisture absorption of the specimen surface layer caused by relatively high
humidity. This force decreased during the day as a result of moisture desorption caused by
relatively low humidity of surrounding air. The compressive force amplitude on the second

day was lower than that of the first day and continued to decrease for the following days.
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Figure 2.11 Evolution of the restoring force during drying, conditioning and after exposing

to room condition of rubberwood (Diawanich et al. 2010).

Tomad et al. (2012) used the restoring force measuring device to improve a twostep
drying schedule of rubberwood lumber. The results obtained are shown in Figure 2.12. Two
extreme single-step drying conditions designated as “severe” and “conservative” at wet-
bulb temperatures of 40 °C and 80 °C, respectively, were applied as control drying.
According to the two-step drying strategy, when the time of abrupt wet-bulb temperature
change from conservative to severe drying conditions is extended up to the time of stress
reversal, the force detected after stress reversal decreases from the level of severe drying to
that of conservative drying. Once the time of stress reversal is exceeded, the force profile is

largely unaffected by the parameters of the severe drying condition. Gradual reduction in
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wet-bulb temperature beyond the time of peak stress also reduces the force detected later

after stress reversal under severe drying conditions.

300 4 Two-step drying
] H1: 90°C/40°C

200 4

100 4

H1: 90°C/80°C

A
t4: 90°C/80°C for 28 h and 90°C/40°C

Restoring force (N)

\tS: 90°C/80°C for 22 h and 90°C/40°C

'+ £2: 90°C/80°C for 16 h and 90°C/40°C

] t1: 90°C/80°C for 8 h and 90°C/40°C
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Drying time (h)

Figure 2.12 Evolution of the restoring force under the two-step drying schedules (Tomad et
al. 2012).

Diawanich et al. 2012 and Tomad et al. 2012 also calculated the magnitude of IS
using the restoring force data obtained. The amount of stress generated within the specimen
can be estimated from the restoring force, P, required to pull the half-sawn specimen,

having change in mouth opening Ad after sawing, back to its original thickness, d, via an

equation (Lados and Apelian 2006):

_EASb

— (2.1)
a
m
)

where v% =1.0012 — 4.9165u + 23.057u? —323.91u® +1798.3u* —3513.2u°
1

m( a J+1
W!

E is Young’s modulus, a and W' are the half-sawn length and the width of specimen

P

u=

measured from a point where the force was applied and b is a section length (Figure 2.9a).
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To a first approximation, by assuming that the internal stress varies linearly over the half-
thickness of the half-sawn specimen, an average magnitude of maximum stress at the

surface and the core layers, o, can be expressed as (Walton 2002):

E.A0d
Op=—"5—
41?
where d and ( are the thickness and the sawn length of the half-sawn specimen (Figure

(2.2)

2.10a). Combining the equations 2.1 and 2.2, it can be shown that

m(v\a;,jd
o ="/ p (2.3)
4bl?

According to equation 2.3, the magnitude of IS can be calculated from the restoring force P
without a requirement of Young modulus of the lumber. This is a major advantage of this
technique over traditional techniques which rely on measurements of deformation or strain

related behavior such as the McMillen’s slice test, the cup test and the prong test. However,
a
one should expect the value of m(WJin the equation 2.3 is dependent on specimen size.

This value should be deduced for various sizes of lumber which has been performed in this

project.
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Chapter 3

Design and construction of a restoring force apparatus

3.1 Introduction

A new approach of a restoring force measurement on “half-split” specimens has
been proposed by Diawanich et al. (2012). This idea has been extended to monitor in real-
time the internal stress during drying, conditioning and storage of lumber (Diawanich et al.
2010 and Tomad et al. 2012). In their work, the width of lumber was sawed at half thickness
by a half-length before being transferred to a device attached to the universal testing
machine to measure the force required to restore the specimen back to its initial
configuration. But just a small error in the thickness measurement during restraining of the
half-split specimen to its original configuration could lead to a large variation in the
measured force. Therefore, further improvement to this technique is required. In this
chapter, a restoring force measuring apparatus suitable to be used in the lumber industry is
designed and constructed. The equipment and the wood specimen are tested and

optimized to obtain a repeatable and reliable measurement of the restoring force.

3.2 Materials and methods
3.2.1 Design of restoring force measuring apparatus
The principle of restoring force measurement on half-split specimen was based
on the concept proposed by Diawanich et al. (2012). The equipment (Figure 3.1a and 3.1b)
consists mainly of a relatively stiff steel frame, two 56 mm wide clamping jigs and a load
cell (Cooper Instrument, USA). One jig was fixed to the steel frame and another was

attached to a steel rod connected to the load cell.
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Figure 3.1 (a) Schematic diagram of the restoring force measuring apparatus and (b)
photograph of the wood specimen installed in the device before half-split

sawing.

Industrial kiln-dried rubberwood lumber obtained from a local sawmill in Nakhon Si
Thammarat, Thailand was used in this study. The flat-sawn lumber was 130 mm wide (W) in
the tangential (T) direction and approximately 1 m long in the longitudinal (L) direction
(Figure 3.2a). A wood specimen cut to a length (b) of 50 mm (Figure 3.2b) was clamped onto

the jigs at a distance (¢) of 10 mm away from the top end (Figure 3.1b).
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Figure 3.2 Sample layouts of (a) the test specimens cut from the lumber and

(b) the half-split specimen for the restoring force measurement.

The restoring force was measured as a function of the half-split length () for
thicknesses (d) in the radial (R) direction. While being clamped to the frame, the specimen
was half-split at half the thickness for a required length ((). The apparatus was designed so
that the width of the specimen clamped to the frame can be sawed with a band saw (Figure
3.3). The kerf from the saw was 2 mm wide. Without restraining the specimen, the relaxation
of internal stress would cause the two legs of the half-split specimen to be deformed
inward or outward. Since the specimen is restrained to the frame and to a steel rod
connected to the load cell, the net force generated as a result of internal stress relaxation
within the half-split specimen was transferred to the load cell. The sign and magnitude of
the force, displayed on the force reading device (Figure 3.4), was recorded and transferred to

the computer in real time mode during and after cutting (Figure 3.5).

Figure 3.3 Photograph of the wood specimen installed in the device during half-split sawing

using a band saw.
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Figure 3.4 Photograph of the wood specimen installed in the device after half-split sawing.

Force measuring apparatus
Force reading device

Figure 3.5 Photograph of the restoring force measuring apparatus and the data recording

system.
3.2.2 Optimization of torque on screws to hold the specimen to the apparatus

Effect of torque applied on screws to fix the wood specimen to the restoring force
apparatus was investigated. Defect free kiln-dried rubberwood specimens with dimensions of
30 mm thick (d), 80 mm wide (W) and 50 mm long (b) were prepared. The specimen was
then fixed to the restoring force measuring device with four screws (Figure 3.1a). Each screw
has pressing contact area of 24 mmZ. Various levels of torque i.e. 0.5, 1.0, 1.5, 2.0, 3.0 and
4.0 N*'m were applied to each screw (Figure 3.6). The specimen clamped to the frame was
half-split at a half thickness for a length (0) of 40 mm and the magnitude of the restoring

force was recorded.
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Figure 3.6 Various levels of torque were applied on screws to fix the wood specimen to the

restoring force apparatus.

3.2.3 Effect of screw contact area on measured restoring force

Examination of different contact areas of screw used to fix the wood specimen to the
apparatus on the measured restoring force was carried out. Three replicates of defect free
kiln-dried rubberwood specimens with dimensions of 30 mm thick (d), 130 mm wide (W) and
50 mm long (b) were prepared from a single piece of lumber. The specimen was fixed to the
restoring force measuring device with four screws using applied torque of 2 N'm. Three
levels of screw contact area i.e. 3, 13 and 24 mm” were used (Figure 3.7). The specimen
clamped to the frame was then half-split at a half thickness for a length () from 10 mm to

110 mm at 5 mm intervals. The magnitude of the restoring force was then recorded.

. 2 3 4 5 e

A, R SR S ‘2“- .2- —— 5
Figure 3.7 Three levels of screw contact area (3 mm', 13 mm and 24 mm ) used in this

study.
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3.2.4 Effect of specimen length on measured restoring force

Ten pieces of kiln-dried rubberwood lumber (30 mm thick, 100 mm wide and ~1 m
long) were used. For each piece of lumber, defect free wood specimens having various
lengths (b) of 40 mm, 50 mm, 60 mm, 70 mm and 80 mm were prepared (Figure 3.8). The
specimen was clamped to the restoring force measuring device by using four screws having
contact area of 24 mm” and applied torque of 2 Nm. The specimen was half-split at a half

thickness for a length () of 50 mm and the magnitude of the restoring force was recorded.

Figure 3.8 Wood specimens having various lengths for the restoring force measurement.
3.2.5 Effect of unsplit length on measured restoring force

Three pieces of kiln-dried rubberwood lumber (30 mm thick, 100 mm wide and ~1 m
long) were used. Eight 50 mm long wood specimens which were free from any defects were
cut from each piece of lumber. The specimens’ widths (W) were reduced to 30 mm, 40 mm,
50 mm, 60 mm, 70 mm 80 mm 90 mm and 100 mm (Figure 3.9a-c). Each specimen was

clamped to the restoring force measuring device by using four screws having contact area of

24 rmm’ and applied torque of 2 N-m. Various unsplit lengths of the half-split specimens (5
mm, 15 mm, 25 mm, 35 mm, 45 mm 55 mm 65 mm and 75 mm) were obtained by half-
splitting the specimen for a length (0) of 25 mm. The magnitude of the restoring force was

recorded.
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Figure 3.9 (a) Schematic diagram showing the layout of the specimens having different
unsplit lengths, (b) pre-marked specimens before cutting to different widths and

(c) specimens after cutting to different widths.

3.2.6 Effects of distance and angular deviations from the half-split line on the
measured restoring force

Influences of distance and angular deviations of sawing away from the half-split line
on the measured restoring force were investigated. Two sets of defect free kiln-dried
rubberwood specimens of dimensions 30 mm thick (d), 105 mm wide (W), and 50 mm long
(b) were prepared. Three replicates for each set were cut from a single piece of lumber.

While being clamped to the restoring force apparatus by using four screws having contact

area of 24 mm’ and applied torque of 2 N-m, the first set of specimens was sawed in a wide
direction at various distances away from a half thickness line at 0 mm, 1 mm, 2mm and
3mm (Figure 3.10a). The second set of specimens were sawed at various angles away from
the half thickness line at 0°, 1°, 2° and 3° (Figure 3.10b). Sawing of both sets of specimens
was performed at 5 mm interval from 10 mm to 100 mm away from the top end. The

magnitude of the restoring force was detected during sawing.
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Figure 3.10 Pre-marked specimens showing (a) distance and (b) angular deviations away from

the half thickness line.

3.2.7 Repeatability of the restoring force measurement

By using the suitable parameters obtained from all previous sections, the apparatus
was tested for the repeatability of the restoring force measurement. Five defect free wood
specimens of dimensions 30 mm thick (d), 130 mm wide (W) and 50 mm long (b) cut from a
single piece of kiln-dried lumber were prepared. Each specimen was pre-marked at 5 mm
interval along a half thickness line. Then the specimen was fixed to the restoring force

measuring device by using four screws having contact area of 24 mm’ and applied torque of

2 N*m. The restoring force was measured during sawing at the half thickness line using a

band saw.

3.3 Results and discussions

3.3.1 Restoring force measurement on half-split specimens

Internal compressive and tensile stresses often remain in both an outer layer and an
inner core of lumber after kiln drying (McMillen 1958; Simpson 1999). A resultant force
generated due to relaxation of these internal stresses tends to bend the two legs of the
half-split specimen inward. This behavior is similar to the prong response of kiln-dried
lumber that is commonly observed in sawmill industry; however, the deflection degree of
half-split specimens is relatively small. According to the prong test, the central portion
accounting for about one third of the thickness is generally removed (Simpson 1999) so that
the deflection of the two legs could be easily measured. But removing a bigger central
portion of lumber would lead to a larger error in quantifying the internal stress level

because the degree of prong deflection is only caused by redistribution of the internal
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stresses within the remaining portion of lumber. Fuller and Hart (1994) also reported an
ambiguous reading on the internal stress level of the prong test as a result of the amount of
the wood removed.

Within this work, the apparatus was designed to hold the half-split specimen to the
initial position at the clamping points. As a result, a tensile (positive) restoring force was
detected on the load cell. Figure 3.11 shows typical evolution of the force value reading on
the load cell before, during and after half-split sawing. Before cutting, the force was set to
zero. The force increased during the sawing to a required length. A slight fluctuation in the
force value as a result of saw blade vibration can be observed. An instantaneous elastic
response of the restoring force was recorded immediately after half-splitting the specimen
to the required length and removing the specimen from the saw blade. Thereafter, the force
value slightly increased with time as a result of viscoelastic creep. Mechano-sorptive creep
should also play a role over time as moisture could easily diffuse into or out of the inner
section of the specimen via the saw kerf. Creep response of the specimen could affect the
measured values of the restoring force when multiple sawing at various half-split lengths
was performed (Figure 3.12). To minimize such an effect from creep to less than 3 %, the
multiple sawing on each specimen was completed in a short time of less than 3 minutes.
Detailed analysis of the creep response is beyond the scope of the present thesis and

should be explored in the future.
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Figure 3.11 Typical evolution of the detected force on the load cell before, during and after
half-split sawing of the specimen fixed to the restoring force measuring device

using a single sawing at 40 mm.



3-10

400 - - 400
i (b) d=30mm
~ 350 1 Restoring force, P b=50mm 350
< g=10mm B
§ 300 4 L4 N W=130mm [ 300 o
T 250 1 * F2s0 S
& ° s
o L4 =
o 200 ] °e F200 €
< ®, ]
c 150 ] ®e, 150 g
S e, -
8 100 F10 Z
(e}
& 50 F 50
0 ‘ ‘ ‘ : : : : : : ‘ ‘ ‘ ‘ : : 0
0 20 40 60 80 100 120 140 160 180 200 O 20 40 60 80 100 120
Time (seconds) Half-split length, | (mm)

Figure 3.12 Multiple sawing at 5 mm intervals. Some values of the derived restoring force

are also indicated in the graphs.

3.3.2 Optimization of torque on screws to hold the specimen to the apparatus

Figure 3.13 shows the measured restoring force plotted against the level of
torque applied on each screw. The pressing contact area between the screw and the wood
specimen was 24 mm’. The measured restoring force first increases with applied torque up
to 2 N*m. Once this torque level is exceeded, the measured restoring force becomes largely
unaffected by the applied torque. Therefore, the minimum torque of 2 N-m is required to
hold the wood specimen to the apparatus. Using higher level of torque is also possible.
However, if the magnitude of applied torque is too high of up to 4 N-m, it was observed that
cracks were developed in some specimens. It is suggested that the optimum level of

applied torque lies from 2-3 N-m.
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Figure 3.13 Influence of applied torque to hold the wood specimen to the restoring force

apparatus on the magnitude of the measured restoring force.
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3.3.3 Effect of screw contact area on measured restoring force
Figure 3.14 shows the measured restoring force plotted against the half-split
length at various contact areas of screws and the wood specimen. It is obvious that the
restoring force profiles obtained from the test using screws having contact areas from 3 mm’
to 24 mm’ do fall into a single curve. The contact area of screws used within this range
therefore does not affect the value of the measured restoring force. However, to reduce the
value of stress intensity in the vicinity of the clamping area that might induce crack in the

. . . 2. .
specimen, the maximum contact area examined of 24 mm' is chosen for the restoring force

measurement.
400 b Screw contact area
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Figure 3.14 Restoring force measured as a function of half-split length for various screw

contact areas of 3 mmz, 13 mm2 and 24 mmz.

3.3.4 Effect of specimen length on measured restoring force

Figure 3.15 shows the effect of specimen length (b) on the measured restoring force
of the wood specimens prepared from the same piece of lumber. The magnitude of the
restoring force is proportional to length of the specimen. According to Lados and Apelian
(2006), the restoring force required to push the half-cut specimen containing internal

residual stress back to initial configuration prior to cutting follows
_E-AS-b
S

P (3.1)
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where E, A§ and S are Young’s modulus, mouth opening and geometrical shape factor,

respectively. Within this study, the specimen’s length is constant at 50 mm.
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Figure 3.15 A linear relationship between measured restoring force and length of wood

specimen.

3.3.5 Effect of unsplit length on measured restoring force

Figure 3.16 shows the measured restoring force plotted against the unsplit length of
the wood specimen. For the specimens having the unsplit length greater than 25 mm, the
measured values of the restoring force are constant. The restoring force values dramatically
decrease if the remaining unsplit section is less than 25 mm. For a relatively wide specimen,
the stress field altered by the presence of the saw kerf is not influenced by the specimen
end. Each leg of the half-split specimen behaves like a beam with one end rigidly attached
to a fixed support (relatively large unsplit section of the specimen). However in a relatively
narrow specimen, relaxation of stress in the form of strain takes place at the end of the
specimen width. In this case, the leg of the half-split specimen cannot be thought as if one
end is attached to a fixed support. Therefore lesser magnitude of the restoring force is

required to restrain the legs at the clamping points.
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Figure 3.16 Measured restoring force plotted against unsplit length (W-() of the 30 mm thick
wood specimens having various width (W) and constant half-split length () of

25 mm.

3.3.6 Effects of distance and angular deviations from the half-split line on the
measured restoring force

During half-splitting of the specimen, a slight deviation of cutting from the half-split
line might happen in practice. Figure 3.17a and 3.17b show effect of distance and angular
deviations, respectively, of cutting from the half-split line on the measured restoring force.
Both distance and angular deviations of cutting from the half-split line cause a reduction in
the measured restoring force. Distance deviation seems to cause a reduction in the
measured restoring force of about 3% to 12% for distance deviations of 1 mm to 3 mm from
the half-split line (Figure 3.18a). The percentage in a reduction of the measured restoring
force is roughly independent of the half-split length. On the other hand, angular deviation
causes a reduction in the measured restoring force which is more pronounce at a longer
half-split length (Figure 3.18b). This is because angular deviation causes larger distance
deviation from the half-split line at a longer half-split length. At the half-split length of 90
mm, angular deviations of 1°, 2° and 3° cause a reduction in the measured storing force of
20%, 29% and 37%, respectively. It is easily achievable in practice to keep distance deviation
to within 1 mm from the half-split line at any half-split length so that an error caused by a

reduction in the measured restoring force would be less than 5%.
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Figure 3.17 Measured restoring force plotted as a function of half-split length for various (a)

distance and (b) angular deviations from the half-split line.
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Figure 3.18 Reduction in measured restoring force plotted as a function of half-split length

for various (a) distance and (b) angular deviations from the half-split line.
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3.3.7 Repeatability of the restoring force measurement
It is important to examine the repeatability of the proposed restoring force

measurement technique. The technique should consistently produce the same

measurement. Four screws, having contact area of 24 mm” with an applied torque of 2 N*m
on each screw, were used to hold the wood specimens to the restoring force apparatus. The
distance deviation from the half-split line was kept to within 1 mm during half-splitting.
Results of the restoring force measurement from five wood specimens prepared from a
single piece of kiln-dried lumber are shown in Figure 3.19a. All restoring force data from the
five measurements seems to fall into a single curve. Average and standard deviation values
of the restoring force were calculated and plotted against half-split length in Figure 3.19b.
Coefficient of variation (CV) of five measurement data is only 4.5%. And it should be noted
that variation observed in the measured restoring force is not solely caused by the
measurement technique but could also arise from variability in the wood specimens.
Therefore the restoring force measurement technique developed and the corresponding
device designed and constructed produce a repeatable measurement of the restoring force

at various half-split lengths.
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Figure 3.19 (a) Measured restoring force of five wood specimens prepared from a single
piece of lumber and (b) average values with error bars of the data in (a) plotted

against half-split length.

3.4 Conclusions

The following conclusions can be drawn from this chapter:

1. A novel technique for an assessment of internal stress within kiln-dried lumber by
measuring the restoring force has been presented. The restoring force on the restrained half-
split specimens can be measured online both in a single sawing mode at a particular half-
split length and a multiple sawing mode at various half-split lengths.

2. Screw contact area of 24 mm” with an optimal applied torque on each screw of 2-

3 N'm is suitable to hold the specimen to the apparatus. Cracks could be developed in the
specimen if the screw contact area is too small or the applied torque is too high.

3. The magnitude of the restoring force is proportional to length of the specimen. At
a particular half-split length of the 30 mm thick specimen, the measured restoring force is
constant for the lumber having the remaining unsplit length greater than 25mm. The
measured restoring force dramatically decreases below this value.

5. Both distance and angular deviations of cutting away from the half-split line

reduce the measured restoring force value. By keeping the distance deviation away from the
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half-split line to within 1 mm, an error resulting in a reduction in the measured restoring

force is less than 5%.

6. The proposed restoring force measuring apparatus together with a suitable set up

of the half-split specimen is proved to provide a repeatable measurement of the restoring

force of the kiln-dried lumber at various half-split lengths.
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Chapter 4

Quantification of internal stress within lumber using a beam theory

4.1 Introduction

Since elastic modulus of wood changes with its moisture content and specific gravity
(Bodig and Jayne 1982; Matan and Kyokong 2003; Sonderegger et al. 2013), therefore it is not
practical to determine internal stress within kiln-dried lumber by analyzing strain or
deflection that accompany the stress redistribution that occurs when internal stresses are
elastically released by sectioning or splitting. The restoring force measuring technique
developed in chapter 3 should allow, in principle, an assessment of internal stress without
the use of the wood modulus data. In this chapter, mathematical calculation of the internal
stress from the measured restoring force is developed. The derived internal stress is
compared with one of the traditional slicing techniques. A chart for converting the restoring
force to the internal stress is proposed for convenience in the industry. Demonstration of
the technique is performed to follow the evolution of internal stress during the conditioning

and storage stages of kiln-dried rubberwood lumber.

4.2 Materials and Methods

4.2.1 Restoring force and slice test measurements

Six pieces of industrial kiln-dried rubberwood obtained from a local sawmill in
Nakhon Si Thammarat, Thailand were used in this study. The restoring force was measured
as a function of the half-split length () for thicknesses (d) of 30 mm and 50 mm (three
replicates for each size) in the radial (R) direction. The flat-sawn lumber was 130 mm wide
(W) in the tangential (T) direction and approximately 1m long in the longitudinal (L)
direction. For each piece of lumber, two sets of specimens with relatively high levels of
internal stress (HS) and low levels of internal stress (LS) were prepared. All specimens were
free from defects such as knots and spiral grain. The HS specimens were tested immediately
after kiln drying while the LS specimens were left in ambient air (28+2 °C and 75+6 % RH) for
3 weeks prior to testing. The specimens were cut to a length (b) of 50 mm (Figure 4.1a) and
marked into a half thickness line at 5 mm intervals (Figure 4.1b) and also marked by divided
lines so they could be cut into slices of 5 mm thick according to the McMillen slice test
(McMillen, 1958) (Figure 1c). The initial width of each pre-marked slice (W,) was measured by
calipers to an accuracy of 0.01 mm. Specimens were then assembled into the restoring force
measuring apparatus and were cut through the pre-marked half thickness line. The restoring

force was monitored at 5 mm intervals up to 125 mm using a procedure described in
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section 3.2.1. They were then cut into slices along the pre-marked lines and the width (W,)

of each slice was immediately measured.

: b
s

T

ol I 3
W

d 0 :
ra i
(b) (c)

Figure 4.1 Sample layouts of (a) the test specimens cut from the lumber, (b) the half-split

specimen for the restoring force measurement and (c) the specimen for the
McMillen slice test.

W, -W

b
— . Each
W,

The released strain of each slice (€) was calculated according toé =

slice was then subjected to a tensile test using a universal testing machine (Lloyd 150kN, UK)
equipped with a strain gauge (Epsilon Technology, USA) to determine the value of Young’s
modulus in the tangential direction. After testing, a section of each slice was weighted both

before and after oven-drying at 104 °C for 24 hours to determine its moisture content.

4.2.2 Internal stress relaxation of kiln-dried rubberwood lumber

Six pieces of kiln-dried rubberwood lumber (30 mm thick, 130 mm wide and
approximately 1 m long) were taken from a local sawmill in Nakhon Si Thammarat, Thailand.
The ring orientation was selected such that normal to the growth ring aligned parallel to the
thickness of the lumber. Defect-free specimens measuring 50 mm long were cut at least 50

mm from the end of each lumber. Restoring force measurement was then carried out on
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the half-split specimens at cutting lengths from 60 mm to 100 mm. The remaining pieces of
lumber were coated with aluminum paint at both ends. Three pieces of lumber were placed
in a conditioning chamber (Binder, Germany) at 85 °C and 80 % RH. Another three pieces
were left in ambient air at 28+2 °C and 756 % RH. Assessments of internal stress were later
performed after 30 minutes and 90 minutes of conditioning and at 10 days and 20 days of

storage, respectively.

4.3 Results and discussions

4.3.1 Experimental restoring force profile
The curves of the restoring force as a function of half-split length obtained
from the 30 mm and 50 mm thick specimens are shown in Figure 4.2a and Figure 4.2b
respectively. For the 50 mm thick HS specimens, measurements could be made up to the
half-split length of 100 mm (Figure 4.2b) because of the presence of cracks at the tip of the
kerf. For both lumber thickness sizes, the magnitude of the restoring force varied with the
half-split length.
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Figure 4.2 Experimental restoring force profiles as a function of half-split length of (a) the 30
mm and (b) the 50 mm thick kiln-dried rubberwood specimens with widths of
130 mm and lengths of 50 mm containing high levels (HS) and low levels (LS) of

internal stress.

The restoring force first abruptly increased and reached the maximum values at the
half-split lengths of around 25 mm for the 30 mm thick specimens and around 35-45 mm
for the 50 mm thick specimens. After exceeding the maximum value, the restoring force
gradually decreased with the increase of the half-split length. The magnitude of the restoring
force appears to reflect the internal stress level within the specimen. And the restoring
forces of the HS specimens are clearly higher than those of the LS specimens. However, the
observed force values should also be influenced by the specimen’s geometry. According to
the Figure 4.2, higher restoring force levels were detected in the thicker specimens. In the
following section, an attempt was made to relate the magnitudes of the restoring force to

the level of the internal stress within the lumber.

4.3.2 Estimation of the internal stress
By assuming a linear distribution of internal stress across half thickness of

lumber (Figure 4.3a), the maximum linearly averaged internal stress o, was assumed to be
equal at the outer surface and at the inner core. This can be calculated by a deflection of

the half-split specimen (Figure 4.3b) as expressed by
o, =E80d 4.1)
41
where E, Ad, d and [ are Young’s modulus in the tangential (T) direction, mouth opening,

thickness and sawed depth of the specimen, respectively (Walton 2002).
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A restoring force (P) is applied at distance a away from the end of the kerf (or at
distance ¢ away from the specimen end) to keep the half-split specimen in the original
configuration prior to sawing (Figure 4.3c). According to Lados and Apelian (2006), the

restoring force (P) can then be expressed as
E-Ad-b

P=—+«— (4.2)
S
where b is the sample length and S is the geometrical shape factor.
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Figure 4.3 Experimental restoring force profiles as a function of half-split length of (a) the 30
mm and (b) the 50 mm thick kiln-dried rubberwood specimens with widths of
130 mm and lengths of 50 mm containing high levels (HS) and low levels (LS) of
internal stress.

It can be considered that each leg of the half-split specimen acts as a cantilever
beam that is rigidly fixed at one end and free at the other end. Also, it is assumed that the
internal stress is fully relaxed across the thickness of the specimen and the effects of other
stress components (including stresses in the thickness and the length directions, shear
stresses and stress concentration around the end of the kerf) are negligible. The restoring

force (P) is calculated using the cantilever beam equation (Hibbeler 2012) according to

poSEL_85__ 6Bl 0

“a’(3l-a) 2 (I-gF(2+g) 2

3
where [ is the second moment of area which is equal to%. By combining equations (4.1),

(4.2) and (4.3), the restoring force P can be expressed as
4bl?

P= Om
Sd

(4.4)
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32(1-g)*(2l +g)
d 3
according to equation (4.4), the magnitude o, can be straightforwardly calculated from the

where the geometrical factor is S = . It should be emphasized that

measured restoring force without prior knowledge of the Young’s modulus £ of the wood.
4bl?

By plotting the restoring force (P) against the term , the value of o, can then

be deduced from the slope of the graph. It appears that the model well describes the

4bl?

experimental restoring data at relatively small values of . In this flexural response

4p|?

recime, the restoring force is proportional to the term (Figure 4.da-b).
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Figure 4.4 Plots of the restoring force versus for (a) the 30 mm and (b) the 50 mm

thick half-split rubberwood specimens.
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Alternatively, one could plot the term Psd against the half-split length () and the

bl?
: d. .
maximum and constant value of the term ~E is the value of o, (Figure 4.5 a-b).
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Figure 4.5 Plots of stldz versus the half-split length for (a) the 30 mm and (b) the 50 mm

thick half-split rubberwood specimens containing relatively high (HS) and low (LS)
levels of internal stress. Solid lines represent the best fits to the experimental

data in the flexural response regime.

The magnitudes of o, derived from the graphs are 2.90MPa and 1.08MPa for the 30
mm thick HS and LS specimens, respectively (Figure 4.4a and Figure 4.5a) and are 3.37MPa
and 1.67MPa for the 50 mm thick HS and LS specimens, respectively (Figure 4.4b and Figure

4.5b). It should be noted that the presence of other stress components especially in the
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thickness direction could also affect the measured restoring force value. For the purpose of
this study, all pieces of flat-sawn lumber were selected such that stresses in thickness
direction were relatively small compared to those in the direction of width. In the future,
the effects of other stress components could be included in the calculations.

According to equation (4.4), the calculated restoring forces at those magnitudes of
O, derived are compared with the experimental values in Figure 4.6a-b. As expected, a
good agreement between the calculated and the measured restoring force values is
obtained in the flexural response regime between the half-split lengths from 60 mm to 100
mm in the 30 mm thick and 130 mm wide specimens (Figure 4.6a). Outside this range, the
calculated restoring forces overestimate the experimental values. At half-split lengths less
than 60 mm, it is expected that the internal stress was not fully relaxed across the whole
specimen thickness and the presence of stress field around the tip of the kerf had not yet
been taken into account in the calculation. At the half-split lengths more than 100 mm,
stress field generated by the deep kerf should have covered across the end of specimen
with a width of 130 mm. Therefore, one end of a half-split specimen leg cannot be
considered to be fixed to a rigid support. A modification of equation (4) to cope with such
behaviors outside the flexural response regime warrants further investigation and is a subject
of future work. This is crucial for thicker lumber such as the 50mm thick specimens where
the flexural response range was rather small of 80-95 mm (Figure 4.6b). Estimation of the
internal stress within thicker lumber using the purely flexural model proposed is still
possible but might be no longer appropriate.
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Figure 4.6 Comparison of experimental (symbols) and calculated restoring force (solid lines)
profiles of the (a) 30 mm and (b) 50 mm thick half-split rubberwood specimens
containing relatively high (HS) and low (LS) levels of internal stress at various
half-split lengths.

4.3.3 Validation of o, derived from the restoring force technique

The released strain and Young’s modulus in the tangential direction plus moisture
content distributions within the 30 mm and 50 mm thick HS and LS specimens obtained
from the McMillen’s slice test are shown in Figure 4.7 - 4.9. The elastic strains due to the
release of internal stresses of both 30 mm and 50 mm were not uniform (Figure 4.7a-b).
After slicing of the surface layer, lengthening with a positive value of released strain indicates
that the wood in this layer was under compressive internal stress before being sliced. On the
other hand, a negative released strain observed at the core layer indicates a tensile internal
stress. This behavior has been reported for casehardening of kiln-dried lumber by various
authors (McMillen 1958; Simpson 1999). Within the 30 mm thick specimens, moisture
content was approximately uniform across the lumber thickness with the average values of
6.2+0.4 % and 10.2+0.5 % in the HS and LS specimens, respectively (Figure 4.8a). Larger
variation of moisture content was observed in the 50 mm thick specimens with the average
values of 6.9+1.2 % and 9.0+0.9 % in the HS and LS specimens, respectively (Figure 4.8b).
Since moisture contents were lower in the HS specimens therefore Young’s modulus in
these specimens (585+112 MPa in the 30 mm thick and 657+116 MPa in the 50 mm thick
specimens) were higher than those in the LS specimens (477+91 MPa in the 30 mm thick
and 611+145 MPa in the 50 mm thick specimens) (Figure 4.9a-b).
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Figure 4.9 Distributions of Young’s modulus within the (a) 30 mm and (b) 50 mm thick HS

and LS specimens.

Corresponding internal stress profiles, product of the released strain and the Young’s
modulus for each slice, are shown in Figure 4.10a-d. The Poisson’s ratio effect is assumed to
be negligible. A linear average to the stress data was performed across the thickness.
Corresponding maximum stresses o, obtained were 2.10 MPa and 0.97 MPa for the 30 mm
thick HS and LS specimens and 1.94 MPa and 1.04 MPa for the 50 mm thick HS and LS
specimens, respectively. These values are in general agreement with those derived from the
restoring force technique of 2.90 MPa and 1.08 MPa for the 30 mm thick HS and LS
specimens and 3.37 MPa and 1.67 MPa for the 50 mm thick HS and LS specimens,
respectively. A very close agreement is observed in the LS specimens where the internal
stress profile is relatively low and roughly linear (Figure 4.10b and Figure 4.10d). At higher
levels of internal stress, the stress profile deviates from the linear distribution. The
maximum stresses at the surface and the core layer are different. Values of o, both
underestimate and overestimate the maximum compressive stress at the surface layer and
the maximum tensile stress at the core layers, respectively (Figure 4.10a and Figure 4.10c).
Nevertheless, a single value of o, representing the average maximum magnitude of the
internal stress within the kiln-dried lumber, should be a simple and convenient stress
indicator to be used in lumber industry. Validation of o, obtained from the restoring force
technique should be performed against other well-developed internal stress measurement

techniques (Schajer and Ruud 2013) in the future.
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Figure 4.10 Distributions of the calculated internal stresses within (a) the 30 mm thick HS, (b)
the 30 mm thick LS, (c) the 50 mm thick HS and (d) the 50 mm thick LS,
specimens. Linearly averaged internal stress profiles obtained from the slice
test (dashed lines) and the proposed restoring force technique (solid lines) are
also displayed for comparison.

4.3.4 The restoring force-internal stress chart

Intended for practical use in the lumber industry, the chart of restoring force versus
half-split length plotted at different levels of internal stress is created in Figure 4.11 - Figure
4.12. The demonstration was made in this work for 30 mm thick lumber with length in the
longitudinal direction of 50 mm and the restraining point at 10 mm from the top end. Two
sets of three 30 mm thick industrial kiln-dried rubberwood lumber were used. Stress
relaxation of the kiln-dried lumber during conditioning at 85 °C and 80 % RH inside the
conditioning chamber and during storage in ambient air at 28+2 °C and 75+6 % RH was
investigated using the chart. The half-split length employed was from 60 mm to 100 mm, a
suitable range as mentioned in section 4.3.2.

The measured restoring forces obtained from each group of lumber roughly follow a
particular stress level line. The magnitude of o, can be directly assessed through the chart.
It can be seen in Figure 4.11 that after kiln drying, o, was 3.3 MPa and after conditioning for
30 minutes and 90 minutes, it was reduced to 1.5 MPa and 0.6 MPa, respectively. For the
second set of kiln-dried lumber, storage in ambient air for 10 days and 20 days reduced o,
to 1.8 MPa to 1.0 MPa, respectively (Figure 4.12).

The restoring force measurement on the half-split specimens together with the use
of the proposed restoring force-internal stress chart should be a useful tool in estimating the
magnitude of internal stress within industrial kiln-dried lumber. This technique should give a
reliable and meaningful stress measurement and is easy to perform. Ongoing research
focuses on determining o, outside the flexural response regime, which is not covered by

this model especially with relatively narrow (W < 90 mm) or thick (d > 30 mm) lumber.
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Finite element analysis will be employed to study the complex stress behavior outside the

flexural response regime.
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Figure 4.11 Determination of o, using the restoring force-internal stress chart by plotting

the measured values of the restoring force as a function of the half-split length

of the 30 mm thick and 130 mm wide kiln-dried lumber during conditioning at
85 °C and 80 % RH.
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Figure 4.12 Determination of o, using the restoring force-internal stress chart by plotting

the measured values of the restoring force as a function of the half-split length

of the 30 mm thick and 130 mm wide kiln-dried lumber during storage in

ambient air at 28+2 °C and 75+6 % RH.

4.4 Conclusions

The following conclusions can be drawn from this chapter:

1. The magnitude of the restoring force is dependent on the half-split length and

thickness of the specimens. With increased half-split length, the restoring force sharply

increases, reaches the maximum value and then gradually decreases. Higher restoring force

is obtained in the thicker lumber.

2. The model based on an elastic cantilever beam theory has been successfully

developed to directly deduce the maximum linearly averaged internal stress from the

measured restoring force data within the flexural response regime. No information on the

modulus of wood is required in the calculation. In the 30 mm thick lumber, the flexural

range is between the half-split lengths from 60 to 100 mm. This flexural range becomes

smaller in the thicker lumber.
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3. General agreement is found between the magnitudes of the maximum linearly

averaged internal stress derived from the restoring force technique and the conventional

McMillen slice technique, especially in the specimens having a relatively low and roughly

linear stress profile.

4. The restoring force-internal stress chart has been proposed for a practical use in

the lumber industry. A demonstration was carried out to follow stress relaxation during

conditioning and during storage of industrial kiln-dried rubberwood lumber.
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Chapter 5

Interpretation of restoring force of lumber

with several stress components

5.1 Introduction

Internal stress is always created within a piece of lumber during kiln drying as a result
of the presence of moisture gradient which induces differential shrinkage between the outer
and the inner core sections (McMillen 1958, Perre” and Passard 2007). Even after the lumber
is dried, residual compressive and tensile stresses continue to exist in the outer and the
inner core layers, respectively (McMillen 1958; Simpson 1999). Remanufacturing of the stress-
containing lumber can lead to a significant increase in losses due to distortion (Wengert
1992; Cai and Oliveira 2004). A reliable quantitative assessment of the residual stress is
therefore crucial for a successful quality control (Welling 1994) and a development of
effective stress relief procedure (Wengert 1992; Pang et al. 2001) of kiln-dried lumber.

To evaluate the internal stress remained within a piece of lumber, several stress
relaxing techniques have been proposed since 1950s. The McMillen slice test (McMillen
1958) has been traditionally employed to assess the stress level within a kiln-dried lumber.
This method determines the mechanical response of stress relaxation within slices cut from
a lumber board. The released strain in each slice can be calculated by measured
deformation. By knowing the modulus of elasticity, the released stress in each slice can then
be calculated from the measured strain. Because of difficulties in measuring relatively small
released strain of several wood slices, the later proposed prong test (Simpson 1991) and the
case-hardening test (European Committed for Standardization 2010) performed by measuring
a deflection caused by removing some sections or splitting of the lumber instead, have
been commonly employed by kiln operators in sawmills. In all cases, the modulus of
elasticity, depending on multiple influences including moisture, specific gravity, grain
direction, temperature and so on (Bodig and Jayne 1982; Matan and Kyokong 2003,
Kretschmann 2010; Sonderegger et al. 2013), is needed to relate measured strain or
deflection profiles and IS.

To directly assess the magnitude of the internal stress without a requirement of the
modulus data of the wood, a novel force based approach of measuring a restoring force on
a so called “half-split” specimen has been first proposed by Diawanich et al. (2012). The
deformed specimen sawn at half thickness was installed onto the universal testing machine
and the force required for stretching back the specimen to the initial shape was measured.
However, the position of returning the shape back to the initial configuration was ambiguous
because the deformation was small, so the error depended on judgment of the tester.

Jantawee et al. (2016) later improved the measurement technique by inventing a new
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apparatus to restrain the specimen to the rigid steel frame while being cut by using a band
saw. The net force caused by the stress relaxation within the half-split specimen at any
cutting lengths was directly transferred to the steel rod connected the load cell. Direct
interpretation of the internal stress from the measured restoring force data has also been
developed by Jantawee et al. (2016) through the use of the geometrical shape factor
derived by using an elastic cantilever beam theory. In addition, the stress chart related to
the measured restoring force has been constructed for convenient use in the lumber
industry.

However, there still exist two important limitations in Jantawee et al. (2016)
calculations. First, only stress component in the width direction was taken into account. The
effects of other stress components including stresses in the thickness and the length
directions were assumed to be negligible. The flat-sawn lumber used in Jantawee et al.
(2016) were selected such that stresses in thickness and length directions were relatively
small compared to those in the direction of width. Second, the model based on an elastic
cantilever beam theory was not valid outside the flexural response range especially at
relatively short half-split length in the narrow piece of lumber. The main objective of this
work is to tackle these two limitations. Some adjustments to the calculations and the
restoring force-internal stress chart are made to separate the effects of other stress
components for a better estimation of the main internal stress in the width direction. Finite
element analysis is employed to validate and gain more understanding of the internal stress
behavior for an entire range of half-split length. Emphasis is placed on investigation of the

30mm thick kiln-dried rubberwood lumber.

5.2 Materials and method

5.2.1 Measurements of the restoring force and the released strain

Thirty pieces of flat-sawn industrial kiln-dried rubberwood lumber were taken from a
local sawmill in Nakhon Si Thammarat, Thailand. The lumber was 30 mm thick (d) in the
radial direction, 100-130 mm wide (W) in the tangential direction and approximately 1 m
long in the longitudinal direction. They were separated into two sets. The first set (P,~0) was
specially selected to meet a requirement stated by Jantawee et al. (2016) that the internal
stress mainly exists in the direction of width and other stress components such as in the
thickness and length directions are negligible. Since the lumber was rare, so only a single
piece of lumber was used. The second set (P,#0) was randomly taken for 15 pieces. A piece
of wood was removed at approximately 50 mm away from the end of each lumber before
making six wood specimens of 50 mm long (b) (Figure 5.1a). Two adjacent specimens were
used for measurements of the restoring force according to Jantawee et al. (2016) and the

released strain according to the McMillen slice test (McMillen 1958). Therefore, there were
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three replicates for both the restoring force and the slice test measurements for each
lumber. All prepared specimens were free from defects such as knots and spiral grain. The
measurements were performed at two levels of internal stress i.e. at high internal stress (HS)
and low internal stress (LS). Assessment of HS was immediately performed on the day the
lumber obtained. The remaining pieces of lumber were capped with aluminum foil at both
ends and were kept in the conditioning chamber at 20°C and 65%RH for 4 weeks. Then
assessment of LS was again performed after the internal stress was partially relaxed to the
lower level.

The restoring force measurement was performed using the device (Figure 5.1b)
described by Jantawee et al. (2016), the specimen was clamped onto the steel frame by the
screws at a distance (¢) of 10 mm from the top surface. Small torque, 2-3 N-m, was applied
to hold the specimen in place with a contact screw area of 24 mm’ without damaging wood
tissue (Jantawee, 2016). While being clamped to the frame, the specimen was cut at half
thickness in a wide direction along a half-split length (). The restoring force was then
recorded at 5 mm intervals. For the McMillen slice test, the specimen surfaces in the
thickness direction were first slightly planned to remove irregularities to obtain a relatively
smooth surface before being marked by divided lines so it could be cut into six equal slices.
The initial width of each pre-marked slice (W,) was measured by calipers having a precision
of 0.01 mm. Measurement positions on each slice were marked so that the following width
measurements after slicing could be performed at the same positions. The specimens were
then cut into slices along the pre-marked lines. Each slice was subsequently pressed flat
before its width, W,, was measured. Care was also taken to ensure that about the same

force was applied on the caliper for every measurement. The released strain of each slice

W, -W,

was calculated according to &€ =—2 ® Al slices were tested to determine the Young’s

modulus in the tangential direction (E7) using a universal testing machine (Lloyd 150kN, UK)
equipped with a strain gauge (Epsilon Technology, USA). A section of each slice was also
weighted before and after oven-drying at 103+2°C for 24 hours to determine its moisture

content.
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Figure 5.1 (a) The test specimen cut from the lumber board, (b) the half-split specimen for

the restoring force measurement and (c) diagram of the restoring force measuring apparatus.

5.2.2 Finite element analysis of the restoring force technique

To validate the mechanical response of the restrained half-split specimen, the three-
dimensional finite element (FE) model was generated using SOLID186 elements in ANSYS
v12. The constitutive model of linearly elastic three mutually orthogonal materials was given
into the computational process. According to Bodig and Janye (1982), all moduli were
determined as ratios of the measured modulus of elasticity in the tangential direction (£, :
Eq:Er=20:1.6:1, Gr:Gr:Gpr=10:94:1and E : Gz = 14 : 1). Three Poisson’s ratios
were estimated to be pgp = 0.02, ppr =0.02 and pgr = 0.35 (Bodig and Jayne 1982;
Kretschmann 2010). Since the specimen had two planes of symmetry, only a quarter of
specimen was constructed (Figure 5.2) to reduce computational time in the solving process.
Two planes of symmetry (LT and RT) were fixed in the R- and L-directions, respectively. All
nodes in the clamping (screw) area were restrained in the R-direction to deduce the
calculated restoring force, P.,. The released strain and Young’s modulus data of the P,~0
and P,#0 sets of lumber determined by the McMillan slice test were applied to the layers

corresponded to the tests.



5-5

. v

Figure 5.2 The 3D mesh for a quarter of the specimen used in finite element simulation.

5.2.3 Internal stress relaxation of kiln-dried rubberwood lumber

Three pieces of about 1 m long kiln-dried rubberwood lumber (P,#0) were randomly
selected from a local sawmill in Nakhon Si Thammarat, Thailand. Pieces of lumber had the
thickness of 30 mm (d) and the width of 130 mm (W) Care was taken to ensure that the
lumber thickness aligned in the radial direction. Three defect-free specimens were cut at
about 50 mm away from the end of each lumber to the length of 50 mm (b). The residual
stress in the half-split specimens was determined by using the restoring force measuring
device at cutting length from 60 mm to 100 mm (in the flexural range) at every 5 mm
intervals. The remaining pieces of lumber were coated with aluminum foil at both ends and
stored in the conditioning chamber at 20°C and 65%RH. Every subsequent week up to 3

weeks, the stored pieces of lumber were taken for evaluating the restoring force.

5.3 Results and discussion
5.3.1 Analytical calculation of internal stress in the presence of other stress components

For a piece of lumber which is half-split at a particular length |, the value of the
restoring force P is proportional to the maximum internal stress in the width direction o,

assumed to linearly vary from the outer surface through the inner core, according to

4pl?
= o'm
Sd

P (5.1)
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2
-0y ) o

where S is the geometrical factor (Jantawee et al. 2016). The value of P has been shown to

4bl? 4bl?

with zero intercept at relatively low value of or at

be proportional to the term

relatively long half-split length in a so-called the flexural response regime. Consequently,

the magnitude of o, in the width direction can be directly obtained from the slope of the
2

graph plotted between P and the term 4§d . Effect of other stress components has been

neglected in the above calculation and all lumber boards examined in Jantawee et al.
(2016) were selected to contain relatively low level of stress in the other directions. This is
the case for the P,~0 set of specimens shown in Figure 5.3a in which the magnitudes of o,
derived from the graphs are 2.62 MPa for the HS specimens and 1.02 MPa for the LS
specimens, respectively.

The above limitation has been lifted within this work. All flat-sawn boards (P,#0)

have been randomly selected without any restrictions. Typical plots of P against the term

4bl? 4bl?

are shown in Figure 5.3b. Linear relationship between P and is still observed in

the flexural response regime but with a particular value of a positive y-intercept. Therefore,
equation (5.1) has been modified to be

4bl?

P="""06_ +P (5.3)
sd

m o

2

where P, the y-intercept, is the remnant restoring force value where the term is equal

zero. This restoring force remains when the half-split length approaches infinity. The
magnitudes of o, and P, derived from the graphs are 2.46 MPa and 77.61 N for the HS
specimens and 0.71 MPa and 56.42 N for the LS specimens, respectively (Figure 5.3b).
According to equation (5.3), the calculated restoring forces at those magnitudes of o, and
P, derived are compared with the experimental values in Figure 5.4a-b. An excellent
agreement between the calculated and the measured restoring force values can be
observed in the flexural response regime between the half-split lengths from 45 mm to 110
mm in the HS specimens and from 60 mm to 110 mm in the LS specimens. During
conditioning of the specimens at 20°C and 65%RH, the magnitudes of o, reduces by 71%
from 2.46 MPa to 0.71 MPa while the values of P, reduces by 27% from 77.61 N to 56.42 N.

2

The plots of P against 4b of other lumber boards randomly selected (14 boards)

also show similar behavior and are governed by equation (5.3) (data shown in supplement
material). Therefore the equation (5.3) must be universal to any pieces of lumber. The first

term in equation (5.3) is the restoring force caused by the flexural response of the internal
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stress relaxation in the width (tangential) direction after half-splitting as mentioned in
Jantawee et al. (2016). The presence of P, is expected to be caused by relaxation of other
stress components especially in the thickness and the length directions which are irrelevant
to bending of the half-specimen’s legs. Investigation on the possible origin of P, using the
finite element model is described in the previous sections.

1 d=30mm HS: P = 2.62(4bl?/Sd)
1 b=50mm
250 | g=10mm % ................ % ........
17 wW=100mm % ~~~~~~
= 200 - {.
8 150 |
S
2 ]
5 100 I — o
é ] e i"'i ......
50 LS: P = 1.02(4bl?/Sd)
0 : T T T T T T T T T T T T T T T T T T T 1
0 50 100 150 200
4b12/Sd (mm?)
(b) 400 ,

350 -
300
250
200

150

Restoring force, P (N)

100 -
50 LS: P =0.71(4bl%/Sd) + 56.43
O ] T T T T T T T T T T T T T T T T T T T 1
0 50 100 150 200
4bl%/Sd (mm2)

2
Figure 5.3 Plots of the restoring force versus

for the 30 mm thick half-split (a) P,~0

and (b) P,#0 rubberwood specimens containing relatively high (HS) and low (LS) levels of

internal stress. Solid lines represent the best fits to the experimental data in the flexural
response regime.
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Figure 5.4 Comparison of experimental (symbols) and calculated restoring force (solid lines)
profiles of the 30 mm thick half-split P,#0 rubberwood specimens containing relatively (a)
high (HS) and (b) low (LS) levels of internal stress at various half-split lengths. The calculated

restoring force profiles without P, (dash lines) are also shown for comparison.

3.2 The universal restoring force-internal stress chart

For practical use in the lumber industry, Jantawee et al. (2016) developed the
restoring force-internal stress chart for the half-split specimen in which only the internal
stress in the width (tangential) direction is assumed to dominate. The chart proposed by
Jantawee et al. (2016) is successfully described the restoring force profiles of the P,~0
specimens. Within this work, the chart is improved in order to deduce both values of o,
and P, from the restoring force profile obtained from the P,#0 half-split specimens. A
demonstration was performed to investigate the relaxation of internal stress during the
conditioning of kiln-dried rubberwood lumber at 20°C and 65%RH. Figure 5.5a (Chart 1) shows
the restoring force-internal stress chart at P,=0 for the specimen with dimension similar to

that reported by Jantawee et al. (2016). The restoring force profile as a function of the half-
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split length of the industrial kiln-dried rubberwood lumber just after kiln drying is shown in
Figure 5.5b (Chart II). Overlaying of Chart Il on Chart | is displayed in Figure 5.5c. It is clear
that because of the presence of P, the restoring force profile on Chart Il does not follow
any stress level lines on Chart I. By moving Chart | and Chart Il in the vertical direction
relative to one another, the restoring force profile does match a particular stress level line
(Figure 5.5d). The magnitude of o, caused by the flexural response of the internal stress
relaxation in the width direction after half-splitting, can be read through Chart | at 3.0 MPa.
The chart displacement in the vertical direction is the value of P, which is 50 N. After
conditioning at 20°C and 65%RH for 7 days and 21 days, the value of o ,reduces to 2.1 MPa
and 1.4 MPa, respectively, and the value of P, reduces to 28 N and 10 N, respectively (Figure
5.6a-b). Therefore, the proposed procedure should be a convenient means in estimating the
magnitudes of o, and P, in the lumber factory.
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(d) Half-split length, | (mm)
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Figure 5.5 Determination of o,and P, of the 30 mm thick and 130 mm wide kiln-dried
rubberwood lumber (P, #0) just after drying, (@) The restoring force-internal stress chart at
P,=0 (Chart 1), (b) the restoring force profile at P,#0 (Chart Il), (c) overlaying of Chart Il on
Chart | and (d) determination of o, and P, by vertically moving Chart Il with respect to
Chart I.
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Figure 5.6 Determination of o, and P, of the 30 mm thick and 130 mm wide kiln-dried
rubberwood lumber (P,#0) after conditioning at 20°C and 65 % RH for (a) 7 days and (b) 21
days.

5.3.3 FE analysis of restoring force of lumber containing main internal stress (P,~0)

The FE model was first employed to describe the restoring force profiles of the HS
and LS specimens prepared from the P,~0 type of lumber similar to those reported by
Jantawee et al. (2016) in which the internal stress in the direction of width (tangential
direction) mainly exists in the lumber. Effects of other stress components including stresses
in the thickness (radial) and the length (longitudinal) directions on the restoring force are
assumed to be negligible. Used as initial inputs for the FE model, the released strain and
Young’s modulus data across specimen thickness prior to half-splitting obtained by the
McMillan slice test of the P,~0 sets of kiln-dried rubberwood lumber at two levels of

internal stress (HS and LS) are listed in Table 1. As expected for the case-hardened kiln-dried
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lumber, the negative and positive released strain values observed in the inner and outer
sections of lumber after slicing, respectively, are caused by the tensile and compressive
stresses remaining within the inner and outer sections, respectively (McMillen 1958). The
magnitudes of Young’s modulus across the thickness of all specimens examined are roughly
uniform. The values are within the standard deviation. However, Young’s modulus in the HS
specimens is higher than that in the LS specimens because of lower moisture content prior
to conditioning of the HS specimens.

Table 8.1 Released strain and Young’s modulus data in the tangential direction of the P,~0
and P,z0 sets of kiln-dried rubberwood lumber at two levels of internal stress (HS and LS)

used in the finite element calculations. Moisture contents across the thickness are also

shown.
Distance from the center in thickness direction
Type of Stress
lumber Input level (mm)
u 25 75 125
HS | -0.19 (0.03) 0.0 +0.28
. (0.03) (0.06)
Released strain, ¢ (%)
Ls | 010 0.02) -0.01 +0.12
B (0.03) (0.02)
S ) o
Po,~0 Young’s modulus, Er (MPa) S 457 487 427
(48) (54) (51)
Sy 00 o8
. 0 ) : :
Moisture content (%) n 07 109 114
(0.2) 0.2) (0.3)
HS -0.15 0.03 +0.50
. (0.05) (0.07) (0.12)
0,
Released strain, ¢ (%) s 016 007 011
(0.05) (0.03) (0.08)
1S ?1?) ?2205) ?2407)
P.#0 Young’s modulus, Er (MPa) n 633 2 =04
(23) (26) (23)
i | o o 03
. 0 ) : :
Moisture content (%) n 102 115 131
(0.4) 0.7) (0.5)

Note: Numbers in the parenthesis are the standard deviation (SD).

A reasonable agreement between the FE simulated (P.,) and the measured restoring
force patterns is obtained for the entire profiles as shown in Figure 5.7. Good agreement is
also observed in the flexural response regime together with the calculated restoring force
values according to the analytical model based on an elastic beam theory. However, the FE

model appears to capture the restoring force behavior at relatively short half-split lengths
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outside the flexural range where the analytical model has failed (Jantawee et al. 2016).
Detailed analysis of the transverse internal stress distribution of the LS specimen after half-
splitting and restraining at various half-split lengths as predicted by the FE model reveals
different states of mechanical stress (Figure 5.8). In an uncut specimen (Figure 5.8a), internal
stress linearly varies from compressive stress at the inner core to tensile stress at the outer

surface. However, in the vicinity of the specimen ends of less than ~15mm, a half of

specimen thickness (%), the magnitude of internal stress decreases due to stress relaxation

at the edge (Figure 5.8a). As a result, within the half-split length | of less than 25 mm, a

distance of half thickness away from the clamping positions (g +%), the restoring force at

the clamping points increases with increasing half-split length (Figure 5.8b). And the restoring

force reaches its maximum value when the half-split length | reaches the distance of

~25mm (g +%) (Figure 5.8c). Once exceeding this value, a flexural response of the half-

split specimen is more influential (Figure 5.8d). Each leg of the half-split specimen acts as a
cantilever beam that is rigidly fixed at one end and free at the other end. Increasing half-
split length, therefore, causes a reduction of the restoring force at the clamping points.
Eventually at a relatively long half-split length, the restoring force profile can be described
using a simple cantilever elastic beam equation (Hibbeler 2012) as described by Jantawee et
al. (2016).
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] Po=0N =shmm
250 - % é b=50mm
] é g=10mm
= ] ? s W=100mm
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8 ] ? o FE model
£ 150 .
> 1 —Analytical model
2 100 ]
= ]
& S
g o]
50 -
0]

0 100 20 30 40 50 60 70 80 90 100
Half-split length, I (mm)
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Figure 5.7 Comparison of experimental (filled symbols) and FE simulated restoring force
(open symbols) profiles of the 30mm thick P,~0 half-split (a) HS and (b) LS rubberwood
specimens as a function of the half-split length. Profiles of the calculated restoring forces
based on an elastic cantilever beam theory (solid lines) with P,=0 are also plotted for

comparison.

1.10
25 mm
0.86
0.61
70 mm 0.37

0.12

-0.12

-0.37

-0.61
-0.86

-1.10

IT (MPa)

Figure 5.8 Contour plots of transverse internal stress predicted across the thickness of one
quarter of the 30mm thick P,~0 LS specimen at (a) initial configuration and after half-
splitting at cutting lengths of (b) 15mm, (c) 25mm and (d) 70mm with the restoring force
applied at 10mm away from the top surface.
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5.3.4 Finite element (FE) analysis of restoring force of lumber containing other stress
components (P,#0)

Using the released strain and the Young’s modulus data in the width (tangential)
direction for the P,#0 set of specimens shown in Table 1, the FE simulated and measured
restoring force profiles of the HS and LS specimens are plotted in Figures 5.9a-b,
respectively. Although the magnitude of the simulated restoring force is, on average, at the
same level as the measured one but the restoring force profiles as a function of the half-
split length are clearly inconsistent. The difference manifests itself in the LS specimens
containing relatively low level of the internal stress especially at relatively long half split
length (Figure 5.9b). It is assumed in the FE model that the relaxed stress components,
obtained from the McMillen slice test, is only in the width (tangential) direction. As a result,
the FE simulated restoring force profile roughly conforms the pattern of P,=0 similar to
those in Figure 5.7a-b. This indicates that relaxation of some other internal stress
components which should exist within the lumber have not yet been accounted for in the
FE model. In addition, the amount of the released strain measured using the McMillen slice
test, used as inputs in the FE model, should have been affected by the internal stress
relaxation in other orthogonal directions (Bodig and Janye 1982) especially in the thickness
direction. The situation is rather complex and is required a full investigation of internal stress
relaxation in all three main orthogonal directions (tangential, radial and longitudinal) and this

is a subject of the future work.
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Figure 5.9 Comparison of experimental (filled symbols) and FE simulated restoring force
(open symbols) profiles of the 30mm thick P,#0 half-split (a) HS and (b) LS rubberwood

specimens as a function of the half-split length. Profiles of the calculated restoring forces

based on an elastic cantilever beam theory (solid lines) with P,#0 are also plotted for

comparison.

5.4 Conclusions

The following conclusions can be drawn from this work:

1) A general form of the analytical model based on an elastic cantilever beam

theory has been successfully developed to directly quantify the main internal
drying stress in the width direction within kiln-dried lumber which could also
contain other stress components. The restoring force measured on a half-split
specimen can be separated into two independent terms of a flexural force
caused by relaxation of the main internal drying stress and a remnant force
caused by relaxation of other stress components.

The universal restoring force-internal stress chart has been improved for a
convenient use in the lumber industry. The magnitude of the internal drying
stress within any pieces of kiln-dried lumber can be determined even in the
presence of other stress components. A demonstration has been performed to
monitor internal stress relaxation during conditioning of industrial kiln-dried
rubberwood lumber.

With little effect from other internal stress components, by using the released
strain and Young’s modulus data in the width (tangential) direction obtained from
the McMillen slice test, a numerical model based on finite element analysis

successfully simulates the restoring force profile for an entire range of half-split
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length. This includes the restoring force profile at relatively short half-split length

where the model based on an elastic cantilever beam theory fails.

4) In the presence of other stress components, only the released strain and Young’s
modulus data in the width (tangential) direction are insufficient to describe the
restoring force behavior for the entire half-split length. The finite element model

must be improved to incorporate some missing stress components.
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Chapter 6

Interpretation of the restoring force of lumber at various thicknesses

6.1 Introduction

One of limitations in the calculation of the internal stress from the restoring force
profile is that the model based on simple elastic cantilever beam theory described in
Chapter 4 is only capable of describing the restoring force profile within a flexural response
range at relatively long half-split length. Outside this range especially at relatively short half-
split length in the narrow piece of lumber, the model is fail. The geometrical shape factor
derived by means of the elastic cantilever beam theory is not valid outside the flexural
response range. The main objective of this chapter is to find a general solution of the
geometrical shape factor and to employ a numerical model of finite element analysis to

validate and derive the shape factor for an entire rage of half-split length.

6.2 Materials and methods

6.2.1 Measurements of restoring force, released strain and modulus of elasticity

The flat-sawn industrial kiln-dried rubberwood lumbers were collected from a local
sawmill in Nakhon Si Thammarat, Thailand. They were the produce of 25- to 30- year-old
rubber trees. The defect-free pieces of lumber were cut to one-meter long in the
longitudinal direction to the wood grain. Two sizes of lumber thickness (d) in the radial
direction were selected in this study including 30 mm and 55 mm. They all had the same
width of 130 mm (W) in the tangential direction. Before making the samples, then, the end
of each lumber was cut out approximately 50 mm to get rid of the stress relaxation. Three
adjacent pieces of 50-mm-long (b) specimens were prepared to measure the restoring force
to measure the released strain obtained by the McMillen slice test (McMillen 1958) and the
moisture content, and to measure the modulus of elasticity in the tangential direction to
the grain of wood (Figure 6.1a). Three replicates of each test were examined.

The first assessment was performed right after the dried lumbers was brought out
the kiln and was cooled down in the ambient temperature for one hour. The specimens in
the first assessment could be denoted as “HS” which stands for the high stress level. The
rest pieces of lumbers were coated with aluminum foil at both ends and were kept in a
conditioning room at 20°C and 65% RH for a month. After that they were tested again as the
second assessment and could be denoted as “LS” because the internal stress was partially
relaxed to the low level.

The restoring force measurement was performed according to Jantawee et al. (2016).
The specimen was clamped onto the steel frame by the screws at a distance (¢) of 10 mm

from the top surface as shown in Figure 6.1b-c. The specimen clamped to the steel frame
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was cut at half thickness in a wide direction along a half-split length ((). The restoring force
was then recorded at 5 mm intervals until the specimen was divided into two pieces or the
crack was observed. For the McMillen slice test, the specimen surfaces in the thickness
direction were first slightly planned to remove irregularities to obtain a relatively smooth
surface before being marked by divided lines so it could be cut into six or eleven equal
slices for 30- or 55-mm-thick specimens respectively. The initial width of each pre-cut slice
(W,) was measured by calipers having a precision of 0.01 mm. Measurement positions and
numbers on each slice were marked so that the following width measurements after slicing
could be performed at the same positions. The specimens were then cut along the pre-
marked lines (Figure 6.1d). Each slice was subsequently pressed flat before its width, W, was
measured. Care was also taken to ensure that about the same force was applied on the
caliper for every measurement. The released strain of each slice was calculated according to
_ Wa _Wb
W

direction (£7) using a universal testing machine (Lloyd 150kN, UK) equipped with a strain

& . All slices were tested to determine the Young’s modulus in the tangential

gauge (Epsilon Technology, USA). A section of each slice was also weighted before and after

oven-drying at 103+2°C for 24 hours to determine its moisture content.

Load cell

d 1SN
Slice #1 #2 #3 #4 #5 #6

(c) (d)
Figure 6.1 (a) The test specimen cut from the lumber board, (b) the half-split specimen for
the restoring force measurement, (c) diagram of the restoring force measuring apparatus and
(d) the McMillen slice test
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6.2.2 Finite element model of the restrained half-split specimen

To determine the geometrical shape factor of the restrained half-split specimen, the
three-dimensional finite element (FE) model was generated using SOLID186 elements in
ANSYS v12. The constitutive model of linearly elastic three mutually orthogonal materials
was given into the computational process. The modulus of elasticity in the T-direction of all
elements was set to a constant of 500 MPa., and all other moduli were determined as ratios
of the modulus of elasticity in the T-direction (€, : Eg: Er =20 : 1.6 : 1, Gig: G;7: Ggr = 10 :
9.4:1andE, : Gp=14:1) according to Bodig and Janye, (1982). Three Poisson’s ratios were
estimated to be uy =0.02 , 1, =0.02 and g, =0.35 (Bodig and Jayne 1982

Kretschmann 2010). Since the specimen had two planes of symmetry, only a quarter of
specimen was generated (Figure 6.2) to reduce computational time in the solving process.
Two planes of symmetry (LT and RT) were fixed in the R- and L-directions, respectively. All
nodes in the clamping (screw) area were restrained in the L-, R-, and T-direction to deduce
the calculated restoring force, Pg. The linear profile of internal stress was assigned to the
model by using the shrinkage coefficient due to temperature change to reach the maximum
internal stress of 1 MPa at the outer surface and the inner core as presented in Figure 2b.
The same model was employed to verify the restoring force obtained by the
experiment. However, in this study, the released strain and the measured Young’s modulus
in the T-direction of the specimen were applied to the layers corresponded to the tests. All
other moduli were calculated as ratios of the measured modulus of elasticity in the

tangential direction as described previously.

Serew restrained
in L-, R- and T-direction

Symmetry
in RT-Plane ™ |
Symmetry
in LT-Plane Tm

T (@ (b)

Figure 6.2 The 3D mesh of a quarter of the specimen and boundary conditions used in finite
element simulation and (b) linear distribution of the internal stress for obtaining the

geometrical shape factor.
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6.3 Results and discussion

6.3.1 Analytical model of the restoring force and the geometrical shape factor by the
beam theory

The restoring force technique is basically developed from the beam theory by
assuming a linear distribution of internal stress across half thickness of lumber as depicted in
Figure 6.3a. Without restraint, the specimen could be deformed (Figure 6.3b) after cutting
due to the existing internal stress developed during drying process. However, it could not
independently bend because it is clamped on the restoring force device. This behaves the
same as a cantilever beam subjected to point load at the free end (Figure 6.3c) and the

force required to keep the specimen in place is so-called the restoring force.

T Adf2 .
b k- C) Ty 2
@ | ) — T ool
B i
i .'
! a
!
| W
i i |
|
i
! T
|
—On |
: & !
! —— ) d

Figure 6.3 (a) Linear distribution of through thickness internal stress within lumber, (b)
deflection of half-split specimen caused by interal stress after sawing and (c) application of

restoring force to restrain half-split specimen in original configuration prior to sawing.

The magnitude of maximum stress, assumed to be equal at the outer surface and

the inner core, can be calculated by a deflection of the half-split specimen as express by
o - E-AS-d

" 41°
where £, 6, d and | are Young’s modulus in the tangential direction, mouth opening,

(6.1)

thickness and half-split length of the specimen, respectively (Walton, 2002). The restoring
force, P, required to keep the half-split specimen in the original configuration can be

computed using

_E-AS-b
- S
where b is sample length and S is a geometrical shape factor (Lados and Apelian, 2006). By

P (6.2)

combining equation (6.1) and (6.2), the maximum stress at the surface and the core layers

can be expressed as (Diawanich et al., 2012; Jantawee et al., 2016)
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c,=S Lz P
4bl (6.3)

The equation (6.3) presents that the internal stress can be determined by the measured
force and the geometric shape factor. Most importantly, it does not need the modulus of
elasticity in the calculation.

In this study, the geometric shape factor is focused and determined by three models
including long beam theory, short beam theory and the finite element method. The
equation (6.3) can be re-written as

4bl?
Pd Tm
The calculated restoring force (P, ) by those three models will lead to the calculation of

S = (6.4)

the geometric shape factor by fixing the same stress level and the same dimensions.

For the long beam theory (also known as Euluer-Bernoulli beam theory), according to
Hibbeler (2012), the deflection at the free end of a cantilever beam subjected point load
can be calculated by

A5 _P(I-

> 6EI (3| (1-9)) (6.5)

3
By substituting the moment of inertia | =% into the equation (6.5)
A5 _16P(I - g)*(2l +g)
2 Ebd?
By combining the equation (6.2) and (6.6), the geometrical shape factor derived from the

(6.6)

long beam theory can be expressed as

2
5 _32(1-g) (21+9) )

long d 3

For the short beam theory (also known as Timoshenko beam theory), the effect of
shear deformation is included into equation of the deflection at the free end of a cantilever
beam subjected point load and can be expressed as

A_5=L9)2(3| _a-g)+ P29 (6.8)

2 6El AG
where A, =xA and «xis the Timoshenko shear coefficient which depends on beam
geometry. Normally, xequals to 5/6 for a rectangular cross section. Ais the cross section
area of the beam and G is the shear modulus. In this case E is the modulus of elasticity in

the tangential direction (T-direction) and G is the shear modulus in the RT-plane. Normally,

the ratio of iequals to 7 for wood (Bodig and Janye, 1982). In this study, the ratio of
RT

Er_can be denoted as y = Er

G RT RT
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3
By substituting the moment of inertia | =% into the equation (6.8) and combining with

the equation (6.2), the geometrical shape factor derived from the short beam theory can be

expressed as

. _4(I—g)(8(l—g)(2|+9)+1j (6.9)

short — d d 2 K

According to the equation (6.9), the result of shear deformation effects on the shallow saw

kerf because the specimen behaves like a short beam. It highly depends on the factor y

which is the ratio of T The effect of y becomes less when the half-split length (1) of

RT

the specimen reaches the infinity and the geometrical shape factor obtained from the

equations (6.7) and (6.9) will become almost the same value.

6.3.2 Finite element model of the restoring force and the geometrical shape factor

The FE model was employed to deduce the restoring force for the 30 mm thick half-
split specimen. By assuming a linear distribution of internal stress of 1 MPa from the outer
surface through the core with a uniform value of Young’s modulus of 500 MPa in the
tangential direction of across the specimen thickness. The calculated restoring force of the

30-mm-thick lumber, Pz , was obtained as shown in Figure 6.4a. Then, the value of

geometrical shape factor S was obtained from the simulated restoring force. The derived
geometrical shape factor plotted against half-split length for various widths of 30-mm-thick
lumber is shown in Figure 6.4b. It is interesting to note that all geometrical data fall into a
single master curve. The minimum value occurs at the sawn depth of 15mm corresponding
to a half of the specimen thickness. The geometrical factor starts to deviate and increase
sharply away from the master curve at the sawn depth of about 30 mm from the end of the
specimen width. The geometrical factor becomes infinite as the sawn depth approaches the
width of the specimen.

At the sawn depth of less than a half of specimen thickness (I < 15mm), higher
internal stress relaxation occurs at a deeper saw kerf. Higher resultant restoring force at the
clamping points leads to a reduction of the geometrical factor in this regime. However, at
the sawn depth greater than a half of the specimen thickness (I > 15mm), flexural response
of the half-split specimen became more influential. The specimen with a deeper saw depth
(behaving similar to a longer beam with one end attached to a support) caused a reduction
of the restoring force at the clamping points and therefore an increase in the value of the
geometrical shape factor.

For a relatively wide specimen with respect to the sawn depth, the stress field
altered by the presence of the saw kerf is not influenced by the end of the specimen width.
Each leg of the half-split specimen behaves like a beam with one end rigidly attached to a

fixed support (relatively large section of the uncut specimen). In this situation, the
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geometrical factor is that according to the master curve. The stress field altered by the
presence of the saw kerf is affected by the end of the specimen width in a relatively deep
sawn specimen. Relaxation of stress in the form of strain takes place at the end of the
specimen width. The leg of the half-split specimen cannot be thought as if one end is
attached to a fixed support anymore. Therefore, lesser magnitude of the restoring force is
required to restrain the legs at the clamping points. The reduction in the restoring force
causes the increase of the geometrical shape factor and the deviation from the master curve.
The geometrical factor derived can be directly used in the estimation of the level of the
internal stress within lumber from the measured restoring force. Moreover, the FE derived
geometrical shape factor could be described by both long beam theory and short beam
theory at the relatively long half-split length.

Since the geometrical factor S is a function of the half-split length (, equation 6.4 can

be rewritten as

5= _ 4D Ona (6.10)
1Z7-d P,

where S having a unit of (mmfz) is a geometrical factor per a square of half-split length. The

4

value of S is plotted against the half-split length in Figure 6.5. The minimum value of S
occurs at the sawn depth of 25mm which is further away from the clamping point at 10mm
by a half of the specimen thickness (15mm). This coincides with the half-split length where

the maximum restoring force observed experimentally. In the similar manner as S, the value

/

of S fall into a single master curve and starts to deviate and increase sharply away from the
master curve at the sawn depth of about 30 mm from the end of the specimen width.
Further work in this area should be directed at elucidating the effect of clamping position

and clamping configuration on the value of the geometrical factor S and the geometrical

/

factor per a square of sawn depth S .
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Figure 6.4 (a) The restoring force plotted against half-sawn length derived by the finite
element model of 30-mm-thick lumber and compared with the beam theories (b) The

geometrical shape factor for various widths of lumber
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Figure 6.5 The geometrical shape factor per a square of sawn-depth, S/1 2, as a function of

sawn-depth, (, for the 30mm thick lumber with various widths of lumber

The FE model was also employed to deduce the geometrical shape factor S for the
50 mm thick half-split specimen. The linearly distributed internal stress profile with the
maximum magnitude of 1 MPa at the surface and the core layers with a uniform value of
Young’s modulus in the tangential direction of 500 MPa were assumed. The restoring force
and the geometrical shape factor calculated by FE model and the beam theory are shown
in Figure 6.6a and 6.6b. The restoring force of the 50-mm-thick specimen computed by the
FE model showed more curving outward than the 30-mm-thick specimen, and the beam
theories fit to the FE result at the farther half-split length. The restoring force calculated by
the beam theory converged to the FE result at about the half-sawn length of 130 mm and
220 mm for the 30- and 50-mm-thick specimen respectively. However, it has to be noted
that they were used same length (b) of 50 mm, so they had the different aspect ratio which

might affect to the comparison. Additionally, a geometrical shape factor per a square of

sawn depth (S) can be plotted against the sawn depth | as presented in Figure 6.7.
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Figure 6.6 (a) The restoring force plotted against half-sawn length derived by the finite
element model of 50-mm-thick lumber and compared with the beam theories (b) The

geometrical shape factor for various widths of lumber
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sawn-depth, (, for the 50mm thick lumber with various widths of lumber

6.3.3 The evaluation of the internal stress within kiln-dried lumber using beam theory

According to the research work done by Jantawee et al. in 2016, the internal stress
within the kiln-dried wood could be measured using the restoring force technique without
testing of modulus of elasticity. This research project has been continuing the same
procedure testing of the 30-mm-thick specimens to determine the relation between the
restoring force and the residual stress.

By considering the beam theory with only flexural deformation, the internal stress in
the 30-mm-thick specimens were 2.62 MPa and 1.02 MPa for the high stress level (HS) and
the low stress level (LS) respectively as shown in the dash line in Figure 6.8. Moreover the
experiment, the filled symbol, was validated by the FE method depicted as the open
symbol. The good correspondence between the FE result and the experimental result were
observed with some acceptable error. However, the long beam theory was able to predict
the internal stress only in the flexural regime located at about 60% to 80% of the sample’s
width. Therefore, some adjustment factor is needed to improve the prediction of stress. This
requirement is also needed for thicker specimens.

The geometrical factor was modified by taking the shear deformation into bending
equation, also known as short beam theory. Previously the geometrical factor can be
obtained using the equation (6.7). The geometrical factor is derived from the long beam

theory which is appropriate for only a narrow lumber such as 30mm x 130mm (Jantawee et
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al.,, 2016). Flexure dominates the deformation of the narrow half-split specimen, so the
restoring force measured at the half-sawn length of about 70% of lumber’s width (Jantawee
et al., 2016). For deformation in a thicker lumber, however, shear becomes more dominant
than flexure, so the geometrical factor is modified to take the ratio between Young’s
modulus and shear modulus into account as presented in the equation (6.9).

The analytical result using the short beam theory, a solid line, showed the better
relation between the prediction and the experiment compared the one using the long beam
theory. A crucial parameter in the analytical model for the short beam theory, however, was
needed to figure it out which is the ratio of Young’s modulus in tangential direction and

ET

shear modulus in RT-plane ( ). It could be varied in a wide range from 3 to 27 for

RT
hardwood species (Kretschmann, 2010). In the case of 30-mm-thick as shown in Figure 6.8
the appropriate E/G is 14.0 and 16.5 for HS and LS respectively.
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Figure 6.8 Comparison of experimental (filled symbols) and FE simulated restoring force
(open symbols) profiles of the 30mm thick Po~0 half-split (a) HS and (b) LS rubberwood
specimens as a function of the half-split length. Profiles of the calculated restoring forces
based on an elastic cantilever beam theory (solid lines) with Po=0 are also plotted for

comparison.
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In addition to the investigation of the 30-mm-thick lumber, the 55-mm thick
specimens were prepared for measuring the restoring force, released strain, moisture
content and modulus of elasticity. The released strain, moisture content and Young’s
modulus in the tangential direction along the thickness of the 50-mm thick and 125-mm
wide HS and LS specimens are shown in Figure 6.9a-6.9c. The elastic strains due to the
release of internal stresses were not uniform. Moisture content of the HS specimen was
quite uniform along the lumber thickness with the average values of 4.22+0.8 %. After a
month of moisture absorption, the moisture content of the LS specimen was not uniform.
Since the specimen was quite thick, the outer layers which were exposed to the surrounded
air had more moisture than the inner ones. The Young’s modulus in HS specimens (563+24
MPa) was higher than that in the LS specimens (479+33 MPa) because the moisture content
in the HS specimen was lower than in the LS specimens.
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Figure 6.9 Profile of (a) released strain (b) moisture content and (c) modulus of elasticity
within the 55-mm thick HS and LS kiln-dried lumber

The relation of the restoring force of the 55-mm thick specimen presented in Figure
6.4 had the similar shape compared to that of the 30-mm thick specimen. The restoring
force increased at the beginning of the test and then reached the maximum force at the
half-sawn length of about 35 mm to 40 mm. For the 30-mm thick specimen, the maximum
force could be observed at the half-sawn length between 25mm and 30mm as previously
shown in Figure 6.2. Both thicknesses of specimen had the same screw distance (g) of

10mm. Interestingly, the maximum restoring force of both thickness could be located on the

d
half-sawn length as a function of g +E .

Since the evaluation of the internal stress in a thick lumber using the short beam
theory requires the ratio of the modulus of elasticity and the shear modulus (E/G) and the
test of shear modulus is hard to set it up. To avoid the difficulty of obtaining the E/G ratio,
the approximation of the internal stress within the 55-mm thick specimen would be initially
calculated by using the long beam theory. The assumption of the analysis is that the
internal stress and the restoring force calculated by both short and long beam theory must
be equal at the far half-sawn length (l). By using this assumption, the prediction of the
restoring force derived by the short beam theory can reveal the appropriate E/G ratio by
fitting the curve from the experiment. The appropriated E/G ratio must be in the possible
range of 3 to 27 for hardwood (Kretschmann, 2010).

The analysis of the long beam theory using the far half-sawn length (1) showed that
the HS specimen had the internal stress in tangential direction of 1.31 MPa with the
presence of the other stress component (Po = 227.2 N), while the LS specimen showed that
the internal stress in tangential direction relaxed to 0.53 MPa (Po = 91.3 N). By substituting

the same numbers of internal stress and P, obtained by the long beam theory into the
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restoring force equation based on the short beam theory, the E/G ratio could be discovered.
As a result of doing this procedure, the E/G ratio of the HS and LS specimen was 4.5 and 5.0
respectively. These ratios are relatively low compared to the possible range of 3 to 27
according to the FPL Handbook (Kretschmann, 2010). However, the restoring force calculated
by the long and short beam theory showed good agreement to the experiment. But the
restoring force predicted by the short beam theory was able to capture the behavior of the
55-mm thick lumber better than that predicted by the long beam theory.
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‘\\ - === Analytical Model (Long Beam)
600 4 % Analytical Model (Short Beam)
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\
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¥
,
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100

Figure 6.10 Comparison of experimental (open symbols) and restoring force calculated by
the long beam theory (dash lines) and by the short beam theory (solid line) of the 55-mm
thick P, #0 half-split

6.4 Conclusions

The following conclusions can be drawn from this work:
1) A general solution of the analytical model based on both long beam theory and
short beam theory have been successfully developed to directly quantify the
main internal stress within kiln-dried lumbers without other stress components.

The general form of the geometrical shape factor derived by the beam theories
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are coincident with the solution obtained by FE model at the long half-split
length.

2) The finite element analysis shows good agreement between the predicted and
measured restoring forces in the case that the other stress component do not
exist. Not only the flexural zone where the half-split length is too long which
corresponds to the beam theory, but the numerical results is also satisfactorily

predicted to the measured ones in a short range of the half-split length and the

peak.
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Chapter 7

Comparison of the restoring force against the standard techniques

7.1 Introduction

Assessment of residual internal drying stress is an important procedure for quality
control of kiln-dried lumber (Welling 1994). After drying, a piece of lumber is usually under
compressive and tensile stresses at the outer layer and the inner core, respectively
(McMillen 1958; Simpson 1999). Without an effective stress relief, remanufacturing of the
stress-containing lumber often increases losses due to distortion (Wengert 1992). Various
stress-relaxing techniques such as hole-drilling, contour method and slitting method are
widely used to determine residual stresses in alloys and ceramics (Schajer and Ruud 2013).
Conventionally, an assessment of internal stress within industrial kiln-dried lumber has been
carried out by using the stress relaxing of the McMillen slice test (McMillen 1958), the
standard CEN case-hardening test (European Committee for Standardization 2010) and the
prong test (Simpson 1991). Strain or deflection accompanying the elastic relaxation of
internal stress caused by sectioning or splitting is measured. Information on the elastic
modulus of wood is required for an interpretation of strain or deflection into stress (Schajer
and Ruud 2013; Walton 2002). However, the modulus of elasticity of lumber, depending on
several factors such as moisture content, specific gravity and grain orientation (Bodig and
Jayne 1982; Matan and Kyokong 2003; Sonderegger et al. 2013), is not conveniently
measured by kiln operator in sawmills. Usually only measured strain profile or deflection is
reported. This variation or change in the modulus of lumber could affect the quantitative
interpretation of the internal stress in terms of deflection or strain profile. In addition, the
prong test was reported to potentially provide an ambiguous reading on the level of the
internal stress depending on the amount of the wood removed (Fuller and Hart 1994).

The aims of this chapter are to compare the results obtained from the proposed
restoring force technique against those according to the existing techniques and to quantify
the magnitude of the internal stress using the measured restoring force data. A numerical
model of finite element (FE) analysis is first employed to simulate the measured restoring
force and then to deduce the geometrical shape factor used in the internal stress
calculation. Emphasis is placed on investigation of internal stress behavior of the 30mm thick

kiln-dried rubberwood lumber with various widths.

7.2 Background
At the beginning of the drying period, internal stress is generated as soon as the
moisture content in the outer layer of lumber is below the fiber saturation point. Elastic

response to the incompatible shrinkage strains to preserve dimensional continuity within a
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piece of lumber induces tensile and compressive stresses in the outer layer and inner core,
respectively. As the drying process continues, the internal stresses reverse as a result of
viscoelastic and machano-sorptive creep. Then up until the end of drying, a lumber outer
layer is under compressive stress while an inner core layer is under tensile stress (Perré and
Passard 2007).

By assuming a linear distribution of internal stress across half thickness of lumber
(Figure 7.1a), magnitude of maximum stress, G, assumed to be equal at the outer surface
and the inner core, can be calculated by a deflection of the half-split specimen (Figure 7.1b)

as expressed by
E-Ao-d
Op =—"75—
41
where E, A3, d and [ are Young’s modulus in the tangential direction, mouth opening,

(7.1)

thickness and sawed depth of the specimen, respectively (Walton, 2002). The restoring force,
P, required to keep the half-split specimen in the original configuration (Figure 7.1c) can be

computed using

_E-A6-b
==
where b is sample length and S is a geometrical shape factor (Lados and Apelian 2006).. By

P (7.2)

combining equations (7.1) and (7.2), the maximum stress at the surface and the core layers

can be expressed as (Diawanich et al. 2012)

d
op=8S—-=P (7.3)
4bl
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Figure 7.1 (a) Linear distribution of through thickness internal stress within lumber, (b)
deflection of half-split specimen caused by internal stress after sawing and (c)
application of restoring force to restrain half-split specimen in original

configuration prior to sawing.
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[t should be noted that by this means the magnitude of internal stress can be
calculated directly from the measured restoring force P without any knowledge of the
Young’s modulus, £, of the wood. However, the value of the geometrical shape factor S is
dependent on half-split specimen configuration such as specimens’ size, half-split length
and configuration of the applied force. Within this work, the values of S for the test

specimens are deduced by the FE technique.

7.3 Materials and method
7.3.1 The restoring force measuring device

The restoring force measuring device (Figure 1c) was designed based on the concept
proposed by Diawanich et al. (2012). The equipment (Figure 7.2) consists mainly of a
relatively rigid steel frame, two clamping jigs of 56 mm wide and a load cell (Cooper
Instrument, USA). One jig was fixed to the frame and another one was attached to a steel
rod connected to the load cell. A rubberwood specimen of 50 mm long, b, was first fixed to

the device by being clamped onto the jigs at a distance, g, of 10 mm away from the top

end. Care was taken to ensure that optimum torque of 2-3 N-m was applied with a contact
area of 24 mm’ to hold the specimen to the jigs without damaging the specimen. While
being clamped to the frame, the specimen was cut at half the thickness in a wide direction
of lumber for half length ((Y'W=0.5). The device was designed such that the specimen
clamped to the frame can be sawed in the wide direction using a band saw. Since the
specimen is restrained to the frame and to a steel rod connected to the load cell, a net
force generated by relaxation of internal stress within the half-split specimen was transferred
to the load cell. The sign and magnitude of the force were then displayed on the force

reading device (Figure 7.2).

Clamping jigs Load cell

. Force i
monitoring device

Figure 7.2 Photograph of the wood specimen installed in the restoring force measuring

device
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7.3.2 Assessment of internal stress in industrial rubberwood kiln dried lumber

Kiln dried rubberwood lumber (30mm thick and 1300mm long) with three different
widths (56 mm, 78 mm and 100 mm) was taken immediately after drying from a local
sawmill in Nakhon Si Thammarat, Thailand. Ten pieces of lumber were used for each group.
The ring orientation was controlled to neglect the effect of the grain orientation by selecting
normal to the growth ring aligned parallel to the thickness of lumber. For each lumber, two
adjacent specimens were cut at approximately 50 mm from the end of lumber (Figure 7.3a).
The first specimen with the length of 50 mm was used to determine the restoring force and
the released strain according to the McMillen slice test (McMillen, 1958). The specimen was
first marked by divided lines so it could be cut into six equal slices. The initial width of each
pre-marked slice (W,) was measured by calipers to an accuracy of 0.01 mm (Figure 7.3c). The
specimen was assembled into the restoring force measuring apparatus and were cut through
the pre-marked half thickness line for a half width ((/W=0.5). The restoring force was then
recorded. The specimens were then cut into slices along the pre-marked lines and the
width, W,, of each slice was immediately measured. The released strain of each slice, €, was
W, -W,

w,

For the FE model verification, Young’s modulus in the tangential direction of each

calculated according to € =

slice of the two sets of 100 mm wide specimens with relatively high levels of internal stress
(HS) and low levels of internal stress (LS) were assessed using a universal testing machine
(Lloyd 150kN, UK) equipped with a strain gauge (Epsilon Technology, USA). A section of each
slice was also weighted before and after oven-drying at 104 °C for 24 hours to determine its
moisture content.

The second specimen cut at the length of 15 mm was sawed into two halves by its
thickness according to the case-hardening test method (European Committee for
Standardization, 2010) (Figure 7.3d). The two test pieces were then placed flat on a test jig
with 75 mm pin distance and the maximum gap distance between the two test pieces at
midpoint was measured with an accuracy of 0.1 mm. The measured value, subtracted with
the diameter of the test jig pins, was multiplied by a factor of 1.78 to obtain the equivalent
maximum gap distance measured at the 100 mm pin separation, Gjg, according to EN

(European Committee for Standardization, 2010).
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Figure 3 Sample layouts of (a) the test specimen cut from the lumber, (b) the half-split

specimen for the restoring force measurement and the McMillen slice test and (c)

the case-hardening test.

The remaining pieces of lumber were coated with aluminum paint at both ends and
stored in ambient condition (28+2°C and 75+6% RH). Assessment of internal stress was then
performed at a week interval for up to three weeks to examine the lower levels internal
stress. For the case-hardening test using a test jig with 75 mm pin distance (European
Committee for Standardization, 2010), only pieces of lumber with 78 mm and 100 mm wide
were examined. In addition, some pieces of rubberwood lumber stored in ambient condition

for a longer time for up to 4 months were also tested for a very low level of internal stress.

7.3.3 Finite Element (FE) analysis of the restrained half-split specimen

The FE method was employed to verify the mechanical response of the
restrained half-split specimen and to determine the geometrical shape factor for the three
different widths of lumber. The 3D model was created using the commercial FE software,
ANSYS v12. The constitutive model of linearly elastic orthotropic materials was assigned into
the computational procedure. Young’s moduli and shear moduli used in the FE analysis
were calculated as ratios of the measured Young’s modulus in the tangential direction
(Ep: Eg:Ep = 20:1.6:1, Gyg: Gyp: Gpr = 10:9.4:1 and Ep: G g = 14:1). Three Poisson’s ratios
were estimated to be pug, =0.02, pr=0.02 and pgr = 0.35 (Bodig and Jayne 1982,

Kretschmann 2010). To reduce computational time in the solving process, only a quarter of
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specimen was modeled as presented in Figure 7.4. The plane of symmetry was fixed in the
L-direction. All nodes in the clamping area were restrained in the R-direction to deduce the

calculated restoring force, Py.

L | <«
R & !

Figure 7.4 The 3D mesh for a quarter of the specimen used in finite element simulation

To validate the FE model, the released strain and Young’s modulus data
determined by the McMillan slice test were applied to the layers corresponded to the tests.
For the determination of the geometrical shape factor, S, the linearly distributed internal
stress profile with the maximum magnitude of +1 MPa at the surface and the core layers
with a uniform value of Young’s modulus in the tangential direction of 500 MPa were

employed.

7.4 Results and discussion

7.4.1 Measurement of internal stress

The measured values of restoring force are plotted against the measured released
strain data for each layer of the kiln-dried lumber with various widths in Figure 7.5a-c. After
kiln drying, the outer and the inner layers of the lumber are often under compressive and
tensile stresses, respectively. A resultant force generated across the core through the surface
layers of the half-split specimen therefore bent the two legs inward. The device was
designed to restrain the specimen to the initial position at the clamping points. As a result, a
tensile (positive) restoring force was detected on the load cell. After slicing of the surface
layer, lengthening with a positive value of released strain indicates that the wood in this
layer was under compressive internal stress before being sliced. On the other hand, a

negative released strain observed at the core layer indicates a tensile internal stress. This
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behavior has been reported for casehardening of kiln-dried lumber by various authors
(McMillen 1958, Perre' and Passard 2007).

The magnitude of the restoring force at the surface and the core layers appears to
be proportional to the level of the released strain. Linear coefficients, which are dependent
on lumber width, are lower at the surface layer with respect to those at the core layer by
30%. The values of the linear coefficients of the 58 mm to 100 mm wide lumber decrease
from 1,039 N/% to 676 N/% at the surface layer and from -1,449 N/% to -978 N/% at the
core layer. At a particular level of the restoring force, the magnitude of the positive released
strain at the surface layer is slightly greater than that of the negative one at the core layer
while the released strain of the middle layer is slightly less than zero. Therefore, the
released strain profile across the specimen thickness could be assumed to be linearly

distributed across lumber thickness although the actual profile is not perfectly linear.
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Figure 7.5 Comparison of the restoring force and the released strain at the surface, middle
and core layers of the 30mm thick and (@) 56mm, (b) 78mm and (c) 100mm wide
kiln-dried rubberwood lumber and (d) plot of resorting force against differential

released strain between the surface and the core layer at various lumber widths.

Similar linear correlation is also observed when comparing the maximum gap
distance according to the case-hardening test method against the magnitude of the released
strain. The linear coefficients are independent of the timber width (Figure 7.6a-b). For the

case-hardening test, equation (7.1) can be rearranged as A5:M Eo_ Siven that the half-
d m

split length is equal to width of timber (=W). Therefore, the value of A§, bending of the half
slice and therefore the maximum gap measured in the case-hardening test, varies with
square of the timber width (Welling 1994).
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Comparison of the restoring force and the maximum gap distance with the released
strain data (Figures 7.5d and 7.6¢, respectively) is best facilitated by plotting those against
the differential released strain, 4g, calculated according to the equation As=¢,-¢, where ¢,
is the average released strain of the surface layer (slices 1 and 6) and &, is the average
released strain of the core layer (slices 3 and 4). It is clear that sensitivities, the slopes of the
plots, of the restoring force technique (Figure 7.5d) decrease with the timber width while
those of the case-hardening test (Figure 7.6c) are unaffected. At the same level of the
differential released strain, the wider timber produces the lesser restoring force but yields
constant level of Gyy. Finally, linear relationship between the restoring force and the
maximum gap distance is obtained (Figure 7.7).

400 +

1 Width < -
350 1 Ve e

1 x78mm P =268G, / -~

] R2 = 0.80 L

300 - . d

250 0100 mm P =193G,, / -

200 *

150

Restoring force, P (N)

100

50

O ] T T T T T T T T T T T T T T T T T T T
0.0 0.5 1.0 15 2.0

Maximum gap distance, G;,, (mm)

Figure 7.7 Comparison of the measured restoring force and the measured maximum gap

distance at various widths of the 30mm thick kiln-dried rubberwood lumber.

It is obvious that the results obtained by the restoring force technique are consistent
with those of the traditional McMillen slice test (McMillen 1958) and the standard test
method of the case-hardening test (European Committee for Standardization 2010).
Furthermore, the magnitude of the restoring force possesses a linear relationship with the
released strain obtained from the McMillen slice test and the maximum gap distance
according to the case-hardening test, therefore the restoring force measurement technique
could be used as an alternative means for an assessment of the internal stress within
industrial kiln-dried lumber. An attempt is made in the following sections to relate the size
dependent restoring force to the internal stress level within the lumber.

7.4.2 Validation of FE model and determination of the geometrical shape factor
The released elastic strain and Young’s modulus in the tangential direction and

moisture content distributions within the 30 mm thick and 100 mm wide HS and LS
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specimens obtained from the McMillen’s slice test are shown in Figure 7.8a-c. The elastic
strains due to the release of internal stresses were not uniform (Figure 7.8a). Moisture
content was approximately uniform across the lumber thickness with the average values of
5.8+0.5 % and 11.0+0.4 % in the HS and LS specimens, respectively (Figure 8b). Since
moisture content was lower in the HS specimens therefore Young’s modulus in these
specimens (562+57 MPa) was higher than that in the LS specimens (461+55 MPa) (Figure 8c).
The experimental restoring forces measured at the cutting depth ratio (/W=0.5 are 183+16 N
and 72+6 N for the HS and LS specimens, respectively.
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Figure 7.8 Distributions of (a) released elastic strain, (b) moisture content (c) Young’s
modulus within the 30 mm thick HS and LS rubberwood kiln-dried lumber.

Using the released strain (Figure 7.8a) and the average Young’s modulus profiles in
the tangential direction, the mechanical state of the HS specimen before and after half-
splitting and restraining as predicted by the FE model are shown in Figure 7.9. By fixing all
nodes within the clamping area on both legs of the half-split specimen, the restoring force
P., of 174 N was obtained from the FE model. The distribution of transverse internal stress
in the restrained half-split HS specimen (Figure 7.9b) is approximately similar to that within

the initial specimen prior to sawing (Figure 7.9a).
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Figure 7.9 Contour plots of transverse internal stress predicted across the thickness of (a)
the initial HS specimen and (b) the half-split HS specimen (/W=0.5) with the
restoring force (Pcal= 174 N) applied at 10mm away from the top that keep the

specimen in its initial configuration prior to sawing.

Actually for an ideal restraining, the distribution of the internal stress within the
restrained half-split specimen should be as similar as possible to that within the initial
specimen prior to sawing. However, this is very difficult to achieve and it is not practically
possible to fully restrain the specimen for all stress/strain components. Within this work,
only transverse stress/strain components were of the interest. It should be emphasized that
an improvement on restraining of the half-split specimen could still be made and is worthy
of further study. The predicted restoring force obtained from the FE model (174 N and 70 N
of the HS and LS specimens, respectively) are in good agreement with the experimental
restoring forces (183+16 N and 72+6 N for the HS and LS specimens, respectively) within
experimental errors.

After being validated, the FE model was employed to deduce the geometrical
shape factor S for the 30 mm thick half-split specimen. By assuming a linear distribution of
internal stress from the outer surface through the core and a constant Young’s modulus in
the tangential direction across the specimen thickness, the value of geometrical factor S was
obtained from the simulated restoring force P., as

_4bl® o,

S= 7.4
d P (7.4)

cal

where b, [ and d are length in the longitudinal direction, half-split length and thickness of
the specimen, respectively. The derived geometrical shape factor plotted against width of

lumber at various cutting depth ratios (/W) is shown in Figure 10. The geometrical factor



7-13

increases with the lumber width and the cutting depth ratio. The factor at each cutting
depth ratio is best described by the second-degree polynomial equations. The fitted
constants and the corresponding correlation coefficients are also shown in Figure 7.10.
Together with equation 7.3, the geometrical factor derived can be directly used in an
estimation of the internal stress level within lumber from the measured restoring force.
Determination of the geometrical shape factor for various lumber sizes and restraining
configurations should be pursued as a future work.
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Figure 7.10 The geometrical shape factor S derived by the FE model plotted against width
of the half-split 30mm thick lumber at various cutting depth ratios ((’/W). Solid
lines, the best third-degree polynomial fits to the data, together with the fitted

constants are also displayed.

7.4.3 Evaluation of internal stress within kiln-dried lumber

To assess the level of the internal stress within the lumber, the maximum internal
stresses 0, were calculated from the restoring force data by means of the equation 7.3 with
the use of the geometrical factor calculated from the third-degree polynomial equations
and the constants in Figure 7.10. The calculated maximum internal stresses are plotted
against the released strain data measured for each layer of the kiln-dried lumber with
various widths in Figures 7.11a-c. The magnitude of the maximum internal stress both at the
surface and the core layers is proportional to the level of the released strain with linear
coefficients of 8.48+0.26 MPa/% and -12.10+0.43 MPa/%, respectively, independent of the
lumber width. By plotting the calculated maximum stress against the differential released
strain (Figure 7.11d), a linear relationship is obtained and data from different widths of
lumber seem to fall into a single curve. The linear constant of the best fit line deduced
from the graph is 514+136 MPa. The scatter of the data points around the best-fit line is due



7-14

to variation in the Young’s modulus of the kiln dried rubberwood lumber which depends on

several factors such as specific gravity and moisture content of the lumber.
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Figure 7.11 Comparison of calculated maximum internal stress g, and the released strain at
the surface, middle and core layers of the 30mm thick and (a) 56mm, (b)
78mm and (c) 100mm wide kiln-dried rubberwood lumber and (d) plot of
maximum internal stress against differential released strain between the surface

and the core layer at various lumber widths.

If it is assumed that Young’s modulus of each lumber in the transverse (tangential)
direction is somewhat constant, stress at the surface layer (5,) and stress at the core layer

(o,) can be expressed as o,=Ee, and ¢, =Ee,, respectively. It can be estimated that

o -0 ~ﬂa =E(s,—¢)=EAs. Therefore, the maximum internal stress is proportional to
4 3 m S c

S

differential released strain between the surface and the core layers via the equation
3

m =

o EAs. As a result, the average value of Young’s modulus in the tangential direction of

685+181MPa could be deduced from the linear constants obtained in Figure 7.11d.

The average moisture content of the tested specimens is 6.8+2.0%. Given that the
information concerning modulus in the tangential direction of rubberwood is very sparse, a
general agreement between the calculated and the experimental (Figure 7.8c) and other
sources (Jantawee, et al. 2016; Matan et al. 2009) data of Young’s modulus as a function of
moisture content can be observed in Figure 7.12. In addition, the coefficient of variation (CV)
of 26% in the value of Young’s modulus, is in the reasonable range according to the nature
of wood (Bodig and Jayne 1982, Matan and Kyokong 2003), provided that the test samples

were randomly selected from a pile of industrial kiln-dried rubberwood lumber.
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Figure 7.13 shows the calculated maximum internal stress plotted against the

maximum gap distance values obtained from the case-hardening test. Both values follow a

linear relationship and the maximum gap distance value is independent of the width of the

timber meaning that different sizes of timber yield similar gap distance values if they possess

a similar level of the internal stress. This behavior is also confirmed by a plot of the

maximum gap distance against the differential released strain (Figure 7.6¢) in which linear

constants obtained are independent of the width of the timber.
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Although the information obtained from the conventional McMillen slice test and the
standard test of the case-hardening test is consistent with that obtained from the restoring
force measurement, but the restoring force technique is relatively easy to perform and the
level of the internal stress can be directly calculated without the use of the modulus data
of the wood. The released strain and the deflection occurring according to the McMillen
slicing and the case-hardening techniques are usually small and are difficult to measure. For
the case-hardening test, the deflection obtained appeared to be lumber size dependence
which could give an ambiguous indication on the level of the internal stress. The proposed
restoring force technique circumvents many difficulties mentioned above. It also gives a
reliable and meaningful measurement of the extent of the internal stress within the kiln-
dried lumber. In addition, this technique has been adapted to monitor in real-time the
evolution of the internal stress during drying, conditioning and storage of the kiln-dried
lumber (Diawanich et al. 2010, Tomad et al. 2012).

7.5 Conclusions

The following conclusions can be drawn from this work:

1. The measured restoring force of the half-split specimen, mechanically
corresponding to the relaxation of the internal stress caused by the half-split cutting, is
linearly related to the released strain measured by the McMillan slice test and the case-
hardening test values according to the CEN standard test method. The results obtained by
the new technique are consistent with those of the two conventional ones.

2. A numerical model based on finite element analysis for the restoring force
technique is presented. Experimental validation of the model is performed by restoring force
and released strain measurements. The predicted and measured restoring forces are shown
to be in agreement. The model is then employed to deduce the geometrical shape factor
for an evaluation of the internal stress level within the 30 mm thick lumber as functions of
lumber’s width and cutting depth ratio.

3. With the use of the derived geometrical shape factor, the magnitude of the
maximum internal stress can be directly estimated from the measured restoring force. The
calculated stresses, regardless of lumber size, linearly vary in a similar manner with the
released strain data according to the McMillen slice test. The derived Young’s modulus is in
general agreement with the experimental data in the literatures.

4. The restoring force measurement on a half-split specimen has potential to be an
alternative method to the conventional techniques for a reliable and meaningful
assessment of drying stress within industrial kiln-dried lumber. The technique allows the
internal stress level within the lumber to be estimated without prior knowledge of the
modulus of wood.
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Chapter 8

Within-tree variability of internal stress

generated during drying of rubberwood lumber

8.1 Introduction

Since several pieces of lumber are commonly dried together inside a batch kiln,
natural variability in wood properties must therefore be accounted for in the design of
drying procedures (Langrish and Walker 2006). Variation in the properties among pieces and
even within each piece of lumber causes variability in drying rate and sensitivity to drying
defects (Perré and Martin 1994). While the former has been extensively investigated both
theoretically and experimentally (Perré and Turner 1999; Tremblay et al. 2000; Perré and
Turner 2007), the latter has been largely examined through a variety of mathematical
models in which a number of parameters required have been determined by experiments
(Pang 2000; Perré and Passard 2004; Moutee et al. 2007; Moutee et al. 2010). At the
beginning of drying, the internal stress is initially generated within a piece of wood as a result
of differential shrinkage between the surface and the core sections. The tensile and
compressive stresses are developed at the outer and inner layers, respectively. As drying
continues, the internal stress then reverses as a result of viscoelastic and mechano-sorptive
creep (Perré and Passard 2007, Moutee et al. 2007). Defects such as surface and internal
checks and splits could take place if the internal tensile stress exceeds the wood’s strength
at any moment during drying. Generation of drying stress and its potential for causing defects
have been extensively studied both in lumber (Ormarsson et al. 1998; Ormarsson et al.
1999; Ormarsson et al. 2000) and wood discs (Kang and Lee 2002; Larsen and Ormarsson
2013).

Rubber trees, widely grown in Southeast Asia for the production of latex, are used in
this study. The trees are usually cut down after 25 to 30 years for replanting when their
production of latex is uneconomical (Balsiger et al. 2000). Rubberwood logs, the byproduct
of felled rubber trees, are usually transferred to local sawmills around the area. The
production of rubberwood lumber consists mainly of log sawing, chemical impregnation and
kiln drying of the sawn lumber (Hong 1995; Teoh et al. 2011). Attempts to accelerate drying
of rubberwood lumber by increasing temperature and lower humidity inside the drying kiln
have been studied (Theppaya and Prasertsan 2004; Srivaro et al. 2008). Lumber quality is
normally examined at the end of drying (Ratnasingam et al. 2010). To cope with variability in
wood properties, kiln operators tend to employ conservative drying schedules which could
unnecessarily prolong the drying time. Since trees have orthogonal symmetry as a result,
wood properties (such as specific gravity plus physical and mechanical ones) vary with the

radius from the pith as well as height (Haygreen and Bowyer 1989; Ferreira et al. 2011).
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The objective of this chapter is to examine the evolution of internal stress within the
lumber prepared from different locations of the rubber tree trunks during drying. A real-time
assessment of the internal stress is performed by using a restoring force technique on a half-
split specimen (Diawanich et al. 2010; Tomad et al. 2012). An attempt is also made to
understand the underlying mechanisms responsible for variability in the stress profiles

observed.

8.2 Materials and method

8.2.1 Rubber trees and preparation of test specimens

Two adjacent rubber trees roughly 25 years old from a plantation in the Thasala
district of the Nakhon Si Thammarat province in Thailand were used in this work. The trees
were sawn into 150 — 170 mm thick discs. Each disc was cut in half into two sections. One
section was put in a plastic bag and kept in ambient air and the other was immersed in
water for up to 6 months. Prior to testing, the half discs were impregnated with water in a
pressure vessel at 12 bar for 60 minutes to attain the saturated moisture content with the
full-cell process. A vacuum of - 0.8 bar was performed for 15 minutes both before and after
the pressurization.
Specimens for internal stress measurement were prepared from the half discs at different
locations within the trunk. Orthogonal coordinates (i.e. distance from pith, r, and height
from ground level, h) were employed to specify each specimen’s location within the tree
trunk. Specimens were divided into four coordinate groups along the height i.e. h; at 1.0+0.5
m, h, at 2.0+£0.5 m, h; at 3.0+0.5 m and h; at 4.0+0.5 m (Figure 8.1a) and into three
coordinate groups along the radial direction (i.e. r; at 30+15 mm, r, at 70+15 mm and r; at
110+15mm) from the pith (Figure 8.1b).
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Fresh specimens =~ Water-immersed
| specimens
P

Figure 8.1 Schematic diagram illustrating locations of specimens within the rubber tree trunk
divided into (a) four coordinate groups along the height (hy, h,, hs and hy) and (b) three

coordinate groups along the radial direction (r4, r, and rs).

8.2.2 Internal stress measurement

Evolution of the internal stress within the rubberwood specimens during drying was
monitored using the force measurement technique proposed and verified with the McMillen
slice test by Diawanich et al. (2010) and Tomad et al. (2012). The restoring force required to
restrain a so-called “half-split” specimen (Figure 8.2a) during drying was measured via a load

cell (Cooper instruments, USA). The specimen of dimensions 30mm (thickness in radial

direction) X 80mm (width in tangential direction) X 50mm (length in longitudinal direction)
was sawed in the tangential direction by a half width (40mm) in order to divide the thickness
in half (15mm). The saw line was 2 mm wide. Longitudinal surfaces and the half-sawn faces
were sealed with thin aluminium tape to prevent moisture loss before inserting a thin piece
of heat insulation into the saw line to prevent direct heat transfer into the core of the
specimen. Force generated as a result of the half-split specimen’s shrinkage was
compensated for by adding a “free shrinkage” specimen of the same dimensions (Diawanich
et al. 2010). The restoring force measuring device equipped on both the half-split and the

free shrinkage specimens is shown in Figure 8.2b.
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i Load cell

Load cell

<— Free shrinkage specimen

Screws

k Heat insulator
; Aluminium foil tape
Aluminium foil tape -

Figure 8.2 (a) Schematic diagram illustrating details of the restoring force measuring device
equipped with the half-split and the free shrinkage specimens and (b) photograph of the

device.

8.2.3 Drying procedure
Drying was carried out in a 15m’ drying kiln (Eurasia, Singapore). A stack of lumber,

separated by two 30mm fillets, was placed inside the kiln. For each run, a restoring force
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measuring device was placed within the lumber stack. Only airflow through the lumber stack
was allowed. Fan speed was adjusted to achieve an air velocity through the lumber stack of

4 m/s. The drying schedule was executed via the control system (LabView, National
Instruments, USA). A single step drying schedule at the dry-bulb temperature of 90° C and
the wet-bulb temperature of 60° C (Haslett 1998; Srivaro et al. 2008) for 70 hours was

performed for all drying tests. Steam used to provide heat and humid air within the kiln was
generated by an electric boiler (Sahathai Factory, Thailand). Steam pressure at the boiler was

maintained at 5 bar. For determination of the drying curves in some specific treatments, two

pieces of lumber (30 mm in the radial direction X 80 mm in the tangential direction X 120
mm in the longitudinal direction) were placed inside the lumber stack and periodically

weighed for the calculation of moisture content.

8.3 Results and discussion

8.3.1 Drying of the fresh specimens

In general, the behavior of all measured restoring force profiles (Figure 8.3a-) is
consistent with the mechanisms underlying drying stress generation previously described by
various authors (McMillen 1958; Simpson 1991; Perré and Passard 2007). At the beginning of
drying, the measured restoring force remains at zero for a very short period of time of about
1 hour. At this stage, only free water evaporates out of wood and the moisture content of
the whole lumber is still higher than the fiber saturation point (FSP) and therefore no
internal stress is generated. As drying continues, the outer layer dries to below the FSP,
while the inner layer is still above the FSP. Both the tensile and compressive stresses are
induced at the outer and inner layers, respectively. The internal stresses are generated as a
result of an elastic response to the incompatible shrinkage strains. Since the specimen is
split at a half thickness, a net resulting stress across the inner through the outer layers
produces a force trying to bend the half-split specimen outward. A device is designed to
keep the specimen at its original configuration. As a result, a negative force is observed at
the load cell. While drying continues, the surface and core layers are dried under tensile and
compressive stresses, respectively. The internal stress at the surface and in the core layers is
reversed from tensile to compressive and then from compressive to tensile, respectively, as
a result of viscoelastic and mechano-sorptive creep (Perré and Passard 2007; Moutee et al.
2007). During this stage, the negative force measured at the load cell decreases and changes
its sien to a positive one. After reaching a maximum positive value, the force slightly
continues to decline until the end of drying. The relatively higher level of stress in the
second part of drying in the inner part of the wood is probably due to the fact that the high
temperature and moisture content at the start of drying produced a high level of mechano-
sorptive and viscoelatic creep at the surface, which in turn tends to produce a higher level

of stress in tension in the inner part at the end of the drying process. Future research to
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bring further the measurement of stress evolution by adding a conditioning step at the end
of the drying schedule (Pang et al. 2001; Diawanich et al. 2010) should be performed.

The restoring forces appear to be largely unrelated to the height of the rubber trees.
At the same distance from the pith, the restoring force profiles of the specimens prepared
from different heights approximately evolve with time in a similar manner (Figure 8.3a-c). On
the other hand, the force profiles clearly change with a radial distance from the pith as
longer drying time was required for the completion of stress reversal in the r; specimens
near the pith with respect to those of the r, and r; specimens further away. Although the
reversal of stress for all specimens started after 5 hours of drying, its completion was from
40 to 50 hours for the r; specimens (Figure 8.3a) but was only from 25 to 30 hours for the r,
and r; specimens (Figure 8.3b-c). According to Ferreira et al (2011), a separation of the
juvenile and mature wood zones in the rubber tree was determined by changes of the fiber
length of about 40 - 55 mm from the pith. Therefore, the r; specimens are in the juvenile
wood zone while the r, and r; specimens are in the mature wood zone. Because several
properties of the mature wood are roughly constant with the radial distance from the pith
(Haygreen and Bowyer 1989), the internal stress profiles of the r, and r; specimens (Figure

8.3b-c) are approximately similar.

(a) 200
Height
150 1 — 1
—-h2
__ 100 A
Z | e
g 50 -
vy
0 k&
-50 4
r; (3015 mm)
A0 4
0 10 20 30 40 50 60 70
Drying time (h)
(b) 200
Height
150 { == h1l
— - h2
__ 1004 ===-h3 3
\Z/ ....... h4 :-'
g 50 A
2
0 <
Ve >
-50 A
r, (70£15mm)
20044
0 10 20 30 40 50 60 70

Drying time (h)



8-7

c) 200
( ) Height

150 4 —_— N1 vl
— - h2

W T e G KN e oo

100 -

Force (N)

r; (110+£15mm)

-100

0 10 20 30 40 50 60 70

Drying time (h)
Figure 8.3 The restoring force profiles of the specimens prepared from rubber tree trunks at
distances of (a) r; (30+15 mm), (b) r, (70£15 mm) and (c) r;(110+15 mm) from the pith at
various heights h; (1.0+0.5 m), h, (2.0£0.5 m), h5(3.0+£0.5m) and h4 (4.0+0.5 m) during the
drying at dry-bulb and wet-bulb temperatures of 90°C and 60°C, respectively.

Figure 8.4a-b show the average drying curves of the r; and r; specimens at two
different heights, h; and hs. All specimens were impregnated with water to attain saturation
prior to testing. It is evident that the saturated moisture contents of the r; and r; specimens
at a particular height are equal. But lower saturated moisture content was observed at
higher heights. An examination of the specimens’ specific gravity revealed higher values of
specific gravity at greater heights which varied from 0.62+0.05 at h; to 0.69+0.02 at h; above
ground. It is well known that the saturated moisture content in wood has an inverse relation
to specific gravity (Skaar 1972; Glass and Zelinka 2010). Therefore, the increase in specific
gravity should be responsible for the lower saturated moisture content observed in the h;
specimens with respect to h;.

The drying curves, reflecting the rate of water evaporation out of the lumber, also
reveal some underlying mechanisms of the observed restoring force profiles. For up to 5
hours at the beginning of drying, the r; and r; specimens at the same heights possess similar
linear drying rates (equal slopes in Figure 8.4a-b). Variation within trees should have little
influence on the movement of moisture, in both free and bound water, on lumber at this
early stage of drying. As a result the restoring force profiles for all tests within this period
(Figure 8.3a-c) are rather similar. Internal stress generated during this drying period, with the
drying of the outer layer below the FSP and the inner layer above the FSP, is thereupon
largely unaffected by the variation within tree. The r; specimens then started to dry faster
than the r; specimens and reached the equilibrium moisture content (EMC) at 3.5+0.1% after
about 30 - 40 hours of drying. In comparison, it took up to about 50 hours for the r;
specimens to reach that level of EMC. At this later stage of drying, variation within the trees

appears to play a significant role on the drying of lumber especially on the movement of
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bound water within the wood cell wall (Perré and Turner 2007). Thus, the slower drying rate
in the r; specimens with respect to that of the r; specimens (Figure 8.4a-b) must be
responsible for the longer stress reversal period observed in these specimens (Figure 8.3a-c).
The internal stress profiles of the r; and r; specimens hardly changed after the specimens
reached the EMC.

It should be noted that the restoring force profiles always contain two negative force
maxima during the stress reversal. The first global maximum of negative force in all
specimens was observed at drying times of 5 to 6 hours. There was a slight increase of the
magnitude of the maximum negative force from — 45+4 N of the juvenile r; specimens near
the pith to — 62+4 N of the mature r, and r; specimens further from the pith (Figure 8.3a-c).
The second local maximum of the negative force at — 26+4 N took place during 15+2 hours
of drying in the r, and r; specimens; this force was less obvious and occurred at a longer
drying time of about 20 to 30 hours in the r; specimens. After attaining the second local
maximum, the force magnitude decreases and changes to a positive sign. The restoring force
of all specimens increases and reaches the maximum positive force of 148+15 N before
slightly declining until the end of drying. Because the maximum negative force (indicating
the risk of surface checking) and the maximum positive force (indicating the risk of internal
checking) are roughly insensitive to wood locations within the trunk, it is therefore suggested
that there is no need for a rubberwood lumber classification for drying in the lumber
industry.

It is well known that viscoelastic and mechano-sorptive creep causes stress reversal
in lumber during drying (Perré and Passard 2007; Moutee et al. 2007). The maxima of two
negative forces during stress reversal indicate that at least two distinct sources of creep
should be operative. Main cell wall amorphous constituents such as hemicelluloses, lignin
and non-crystalline cellulose (Haygreen and Bowyer 1989) exhibit viscoelastic and mechano-
sorptive creep behaviors when exposed to high temperature under the constant and cyclic
conditions of humidity, respectively (Glasser et al. 1998). In contrast, extractive substances
within the cell wall have been reported to retard creep deformation (Ajuong and Breese
1997). An attempt is made in the following section to deconvolute the influences of main

amorphous constituents and extractives within cell walls on the generation of internal stress.
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Figure 8.4 The drying curves of the specimens prepared from rubber tree trunks at distances
of r; (30£15 mm) and r; (110+£15 mm) from the pith at heights of (a) h; (1.0+0.5 m) and (b) hs
(3.0+0.5 m) above ground.

8.3.2 Drying of the water-immersed specimens

Figure 8.5 shows the restoring force profiles of the r; specimens that were immersed
in water for up to 6 months. It is obvious that the longer the immersion time, the quicker
the stress reversal and the gradual disappearance of the second maximum negative force.
After 4 months of water immersion, the second maximum negative force completely
disappeared and water immersion hardly affects the internal stress profile. The internal
stress profiles of the specimens immersed in water for 4 and 6 months are rather similar.
Higher magnitudes of the maximum negative force took place at longer drying times of

around 10 to 15 hours. In addition, specimens prepared from all locations within the tree
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trunk also exhibited comparable restoring force profiles with only a single negative

maximum force after immersion in water for 4 months (Figure 8.6a-b).
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Figure 8.5 The restoring force profiles of the specimens immersed in water for up to 6
months prepared from rubber tree trunks at distance of ry (30+15 mm) from the pith and at
height of h,(2.0+0.5 m) above ground.
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Figure 8.6 The restoring force profiles of the water immersed specimens prepared from
rubber tree trunks at distances of (a) r; (30+£15 mm) and (b) r; (110+15 mm) from the pith at
various heights above ground.
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The drying curves of the specimens before and after 4 months of water immersion
are shown in Figure 8.7a-d. All specimens were impregnated with water to attain saturation
prior to testing. Higher initial saturation of moisture content, observed in the water-
immersed specimens, should be responsible for the longer drying time (10 to 15 hours)
required for the maximum negative force to take place. While the initial linear drying rates in
the fresh and the water-immersed specimens (initial slopes in Figure 8.7a-d) are similar, the
drying rates of the water-immersed specimens in the second stage of drying are clearly
higher than those of the fresh specimens. The equilibrium moisture contents of both fresh
and water-immersed specimens are approximately equal at 3.4+0.2%. Provided that the
water-immersed specimens possessed higher initial moisture content, they reached the EMC
prior to the fresh specimens (Figure 8.7a-d). Thus, the movement of bound water within the
cell walls of the water-immersed specimens must be easier. The quicker drying rate in the
second stage of drying in the water-immersed specimens corresponds well to the faster

stress reversal observed in these specimens with respect to the fresh ones.
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Figure 8.7 Comparison of the drying curves of the fresh and the water immersed specimens
prepared from rubber tree trunks at heights of h; (1.0£0.5m) above ground at distances of (a)
r; (30£15 mm) and (b) r; (110+15 mm) from the pith and of h; (3.0£0.5 m) above ground at
distances of (c) r; (3015 mm) and (d) r; (110+15 mm) from the pith.

8.3.3 Discussion on underlying mechanisms

The results from the experimentation raise various points which warrant further
discussion and rationalization. The issues are taken in turn.

- Role of cell wall extractives

During water immersion, water-soluble extractives both within cell cavities and cell
walls should be gradually depleted over time. The extractives of rubberwood are mainly
hydrophilic compounds of free sugar, starch and amino acids (Simatupang et al. 1994).
However, Ajuong and Breese (1997) reported that the lumen-located extractive fractions
have no significant effect on short-term creep. In addition, a similar initial linear drying rate in
the fresh and water-immersed specimens (Figure 8.7a-d) also indicates the insignificant role

of extractives in the cell cavities on the movement of free water out of the lumber. As a
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consequence, the shorter stress reversal time (Figure 8.5 and Figure 8.6a-b) plus the increase
in the drying rate during the second stage (Figure 8.7a-d) should be related to the depletion
of water-soluble extractive substances from the cell wall during water immersion. Without
the presence of the extractives, the movement of bound water within the cell wall should
be easier. In addition, bacterial attack during the water immersion could have contributed to
the higher drying rate as compared to the fresh specimens (Kobayashi et al. 1998). This
warrants further investigation and is a subject of future work.

The cell wall extractives have been reported to retard creep deformation.
Acceleration of creep has been observed with the gradual depletion of extractive
substances from the cell wall and with the removal of water-soluble extractives, resulting in
great creep deformation (Ajuong and Breese 1997). It was suggested that the water-soluble
extractives, which are frequently contained in the side chain sugar residue, are chemically
bonded through the side chain to lignin, hemicellulose and/or cellulose (Ajuong and Breese
1997). The cell wall extractives have also been reported to enhance modulus (Golpayegani
et al. 2012), hardness (Tze et al. 2007), dimensional stability (Kuo and Arganbright 1980) and
softening temperature (Song et al. 2014) of the wood cell wall.

Higher saturation of moisture content was also observed in the water-immersed
specimens (Figure 8.7a-d). Grigsby et al. (2013) reported that the majority of bound water
was distributed in pore networks having pore sizes of less than 50 nm within the wood cell
wall. Extractives have been suggested to deposit in the matrix and pore of the wood cell
wall (Song et al. 2014; Yin et al. 2015). It is expected that during water immersion, water-
soluble extractives are dissolved away and are replaced by water molecules. In addition,
Mantanis et al. (1994) found an increase in maximum swelling of wood in water after the
removal of extractives.

The values of specific gravity in the water saturated moisture content of rubberwood
specimens, both fresh and water-immersed, are shown in Figure 8.8a-b. Specific gravity
slightly increases with height. At the bottom section of h;, specific gravity first increases in
the radial direction up to ~100 mm from the pith before decreasing to the outside bark.
The values of specific gravity are roughly constant at the top of section hy. Since the
restoring force profiles are relatively insensitive to height (Figure 3a-c), variation in specific
gravity within tree trunk (0.62+0.05 to 0.69+0.03) should therefore have little influence on
the internal stress generated during drying. Furthermore, an approximately equal reduction
of 8.4+0.9% in specific gravity after water immersion is observed at all examined locations
within the tree trunk. An apparent reduction in specific gravity observed in the water-
immersed specimens should roughly reflect the total loss of water-soluble extractives both
within cell cavities and cell walls during water immersion. Severo et al. (2013) also reported
an equal content of total extractives at 7.7% found in both the juvenile and the mature

sections of rubber tree trunks.
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Figure 8.8 Radial variation of specific gravity measured at dried condition of the fresh and
the water immersed specimens prepared from rubber tree trunks at heights of (a) h; (1.0+0.5
m) and (b) h, (4.0£0.5 m) above ground.

The fact that stress reversal took place for a longer time in the r; specimens near the
pith compared to those of the r, and r; specimens further away suggests that the water-
soluble extractives within the cell walls should be higher in the inner juvenile r; specimens.
During the sapwood-heartwood transition, more extractives are deposited in the wood cell
walls while the composition of the main components of cell walls remains almost unaltered
(Song et al. 2014). The extractives have been suggested to be deposited in the mesopores of
heartwood cell walls (Yin et al. 2015). An examination of the types and amounts of
extractives within cell walls is a subject for future work.

- Role of main amorphous cell wall constituents

The first negative maximum, which was still observed after immersion of the
specimens in water, should be associated with the creep behavior of the main call wall
amorphous constituents. Apart from being adsorbed in the amorphous hemicellulose, a

large fraction of water molecules has been suggested to be adsorbed at the interface
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between the crystalline cellulose and amorphous hemicellulose within the cell wall. Water
molecules adsorbed on the interface push away polymer chains, forcing the two phases to
separate and cause breaking of hydrogen bonds. At high moisture content, water is
adsorbed preferentially at the interface; this leads to additional swelling and porosity
increase at the interface (Kulasinski et al. 2015). During water immersion, more water
molecules could be adsorbed into the cell walls which should additionally contribute to an
increase in the values of saturated moisture content observed in the water-immersed
specimens. It is emphasized that detailed studies on the roles of cell wall extractives and
call wall amorphous constituents on the movement of bound water and creep properties
which are underlying mechanisms of the generation of internal stress during drying should

be explored in the future.

8.4 Conclusions

The following conclusions can be drawn from this work:

1) The measured restoring force profiles, representing the internal drying stress
within the lumber during drying, change along the radial direction of rubber tree
trunk. A longer time of stress reversal has been observed in the inner juvenile
wood zone with respect to the outer mature wood zone. While having a similar
drying rate at the early stage of drying, the juvenile wood specimens dried at a
slower rate than the mature wood specimens in the second drying stage during
the time of stress reversal.

2) During stress reversal, there appears to be two negative force maxima which
attribute to the creep responses during drying of the main amorphous
constituents and the extractives within the cell walls, respectively. The second
negative maximum g¢radually disappeared upon water immersion of the
specimens. In these specimens, faster stress reversal and higher drying rate in
the second drying stage have been observed with respect to the fresh
specimens. The force profiles of the water-immersed specimens seem to be
insensitive to locations within the tree trunk.

3) The results from this work suggest that variability of the internal stress within the
rubber tree trunk originates from the roles of cell wall extractives and cell wall
amorphous constituents on the movement of bound water out of lumber and on
the creep properties during drying which needs to be further explored in the

future.
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Abstract Due to difficulties in determining modulus of elasticity of wood, only
strain or deflection profiles caused by relaxation of internal stress are normally
evaluated for industrial kiln-dried lumber. To directly assess the level of internal
stress within the lumber, a new technique of measuring the restoring force on a half-
split specimen has been presented and the corresponding device has been designed
and constructed. Kiln-dried rubberwood specimens with dimensions of 30 or 50 mm
(thickness), 130 mm (width) and 50 mm (length) were used in the study. The
measured restoring force appears to vary with half-split length and specimen
thickness. A mathematical model based on an elastic cantilever beam theory has
been successfully developed to describe the restoring force behavior in a flexural
response regime. The magnitude of the maximum linearly averaged internal stress
0m can be derived without prior knowledge of the modulus of elasticity of wood.
For the 30-mm-thick lumber, the derived values of ¢, are in general agreement with
the ones obtained from the conventional McMillen slice test. Very close agreement
is observed when the internal stress is at a relatively low level and its profile is
approximately linear. But for the 50-mm-thick lumber, the determination of g, is
less appropriate because of its relatively short flexural range. A restoring force—
internal stress chart has been proposed for practical use in the lumber industry. This
assessment was performed to investigate the evolution of internal stress during the
conditioning and storage stages of kiln-dried rubberwood lumber.
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Introduction

The drying process always creates internal stress within lumber that continues to
exist, even after the lumber is dried (Perré and Passard 2007). The outer layer of
kiln-dried lumber is generally under compressive stress, while its inner core layer
is under tensile stress (McMillen 1958; Simpson 1999). In practice, these internal
stresses are generally relieved by steaming done at the end of the drying process
(Wengert 1992). A reliable technique for the assessment of internal stress is
therefore essential for effective stress relief and quality control of kiln-dried
lumber.

The stress-relaxing techniques of the McMillen slice test (McMillen 1958), the
case-hardening test (European Committee for Standardization 2010) and the prong
test (Simpson 1991) have been traditionally used to estimate the internal stress
magnitude within kiln-dried lumber. These techniques analyze structural deforma-
tions in terms of strain or deflection that accompany the stress redistribution which
occurs when internal stresses are elastically released by sectioning or splitting.
Internal stress can then be determined by analyzing the measured strains or
deflections, provided that the elasticity values of the materials are known (Schajer
and Ruud 2013; Walton 2002; Rossini et al. 2012). The elastic modulus of wood
depends on several factors including moisture content and specific gravity (Bodig
and Jayne 1982; Matan and Kyokong 2003; Sonderegger et al. 2013), and it is not
practical in the industry to measure every piece of lumber. It is quite common that
only strain profiles or deflections obtained from the test methods mentioned above
are reported (McMillen 1958; European Committee for Standardization 2010; Fuller
1995).

A novel approach of a restoring force measurement on “half-split” specimens
has been proposed by Diawanich et al. (2012). This idea has also been extended to
monitor in real time the internal stress during drying, conditioning and storage of
lumber (Diawanich et al. 2010; Tomad et al. 2012). In their work, the width of
lumber was sawn at half thickness by a half length before being transferred to a
device attached to the universal testing machine to measure the force required to
restore the specimen back to its initial configuration. However, just a small error in
the thickness measurement during restraining of the half-split specimen to its
original configuration could lead to a large variation in the measured force.
Therefore, further improvement to this technique is required.

The purpose of this research is to design and construct a restoring force
measuring apparatus suitable to be used in the lumber industry. An interpretation of
the measured restoring force in terms of the internal stress is developed. The derived
internal stress is compared with one of the traditional slicing techniques. Finally, a
chart for converting the restoring force to the internal stress is proposed for
convenience in the industry. Emphasis is placed on estimating the internal stress
level within kiln-dried rubberwood lumber.
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Materials and methods
Design of restoring force measuring apparatus

The principle of restoring force measurement on half-split specimen was based on
the concept proposed by Diawanich et al. (2012). The equipment (Fig. la, b)
consists mainly of a relatively stiff steel frame, two 56-mm-wide clamping jigs and
a load cell (Cooper Instrument, USA). One jig was fixed to the steel frame, and
another was attached to a steel rod connected to the load cell. A wood specimen cut
to a length (b) of 50 mm was clamped onto the jigs at a distance (g) of 10 mm away
from the top end. Care was taken to ensure that optimum torque of 2-3 N m was
applied with a contact area of 24 mm? to hold the specimen to the jigs without
damaging it. While being clamped to the frame, the specimen was half-split at half
the thickness for a required length (/). The apparatus was designed so that the width
of the specimen clamped to the frame can be sawn with a band saw (Fig. 1c). The
kerf from the saw was 2 mm wide. Without restraining the specimen, the relaxation
of internal stress would cause the two legs of the half-split specimen to be deformed
inward or outward. Since the specimen is restrained to the frame and to a steel rod
connected to the load cell, the net force generated as a result of internal stress
relaxation within the half-split specimen was transferred to the load cell. The sign
and magnitude of the force, displayed on the force reading device (Fig. 1d), was
recorded and transferred to the computer in real-time mode during and after cutting.

Restoring force and slice test measurements

Six pieces of industrial kiln-dried rubberwood obtained from a local sawmill in
Nakhon Si Thammarat, Thailand, were used in this study. The restoring force was
measured as a function of the half-split length (/) for thicknesses (d) of 30 and
50 mm (three replicates for each size) in the radial (R) direction. The flat-sawn
lumber was 130 mm wide (W) in the tangential (7) direction and approximately 1 m
long in the longitudinal (L) direction. For each piece of lumber, two sets of
specimens with relatively high levels of internal stress (HS) and low levels of
internal stress (LS) were prepared. All specimens were free of defects such as knots
and spiral grain. The HS specimens were tested immediately after kiln drying, while
the LS specimens were left in ambient air (28 & 2 °C and 75 + 6 % RH) for
3 weeks prior to testing. The specimens were cut to a length (b) of 50 mm (Fig. 2a)
and marked into a half thickness line at 5-mm intervals (Fig. 2b). For the 30-mm-
thick specimens, they were also marked by divided lines so they could be cut into
six equal slices according to the McMillen slice test (McMillen 1958) (Fig. 2¢). The
initial width of each pre-marked slice (W,,) was measured by calipers to an accuracy
of 0.01 mm. Specimens were then assembled into the restoring force measuring
apparatus and cut through the pre-marked half thickness line. The restoring force
was monitored at 5S-mm intervals up to 125 mm. They were then cut into slices
along the pre-marked lines, and the width (W,) of each slice was immediately
measured. The released strain of each slice (¢) was calculated according to
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= W%[”W’ Each slice was then subjected to a tensile test using a universal testing
machine (Lloyd 150kN, UK) equipped with a strain gauge (Epsilon Technology,
USA) to determine the value of Young’s modulus in the tangential direction. After
testing, a section of each slice was weighted both before and after oven-drying at

104 °C for 24 h to determine its moisture content.
Internal stress relaxation of kiln-dried rubberwood lumber

Six pieces of kiln-dried rubberwood lumber (30 mm thick, 130 mm wide and
approximately 1 m long) were taken from a local sawmill in Nakhon Si Thammarat,
Thailand. The growth ring orientation was selected such that the lumber thickness
aligned in the radial direction (Fig. 2a). Defect-free specimens measuring 50 mm
long were cut at least 50 mm from the end of each lumber. Restoring force
measurement was then carried out on the half-split specimens at cutting lengths

J=

— - b

(a)

—— ——

Y
(=]
O\ W=

1

(b) (c)

Fig. 2 Sample layouts of a the test specimens cut from the lumber, b the half-split specimen for the
restoring force measurement and ¢ the specimen for the McMillen slice test
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from 60 to 100 mm. The remaining pieces of lumber were coated with aluminum
paint at both ends. Three pieces of lumber were placed in a conditioning chamber
(Binder, Germany) at 85 °C and 80 % RH. Another three pieces were left in
ambient air at 28 + 2 °C and 75 £ 6 % RH. Assessments of internal stress were
later performed after 30 and 90 min of conditioning and at 10 and 20 days of
storage, respectively.

Results and discussion
Restoring force measurement on half-split specimens

Internal compressive and tensile stresses often remain in both an outer layer and an
inner core of lumber after kiln drying (McMillen 1958; Simpson 1999). A resultant
force generated due to relaxation of these internal stresses tends to bend the two legs
of the half-split specimen inward. This behavior is similar to the prong response of
kiln-dried lumber which is commonly observed in sawmill industry; however, the
deflection degree of half-split specimens is relatively small. According to the prong
test, the central portion accounting for about one-third of the thickness is generally
removed (Simpson 1991) so that the deflection of the two legs could be easily
measured. However, removing a bigger central portion of lumber would lead to a
larger error in quantifying the internal stress level because the degree of prong
deflection is only caused by redistribution of the internal stresses within the
remaining portion of lumber. Fuller and Hart (1994) also reported an ambiguous
reading on the internal stress level of the prong test as a result of the amount of the
wood removed.

Within this work, the apparatus was designed to hold the half-split specimen to
the initial position at the clamping points. As a result, a tensile (positive) restoring
force was detected on the load cell. Figure 3a shows typical evolution of the force
value reading on the load cell before, during and after half-split sawing. Before
cutting, the force was set to zero. The force increased during the sawing to a
required length. A slight fluctuation in the force value as a result of saw blade
vibration can be observed. An instantaneous elastic response of the restoring force
was recorded immediately after half-splitting the specimen to the required length
and removing the specimen from the saw blade. Thereafter, the force value slightly
increased with time as a result of viscoelastic creep. Mechano-sorptive creep should
also play a role over time as moisture could easily diffuse into or out of the inner
section of the specimen via the saw kerf. Creep response of the specimen could
affect the measured values of the restoring force when multiple sawing at various
half-split lengths was performed (Fig. 3b). To minimize such an effect from creep to
<3 %, the multiple sawing on each specimen was completed in a short time of
<3 min. Detailed analysis of the creep response is beyond the scope of the present
paper and should be explored in the future.

The curves of the restoring force as a function of half-split length obtained from
the 30- and 50-mm-thick specimens are shown in Fig. 4a, b, respectively. For the
50-mm-thick HS specimens, measurements could be taken up to the half-split length
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Fig. 3 Typical evolution of the detected force on the load cell before, during and after half-split sawing
of the specimen fixed to the restoring force measuring device using a a single sawing at 40-mm and
b multiple sawing at 5-mm intervals. Some values of the derived restoring force are also indicated in the
graphs

of 100 mm (Fig. 4b) because of the presence of cracks at the tip of the kerf. For both
lumber thickness sizes, the magnitude of the restoring force varied with the half-
split length. The restoring force first abruptly increased and reached the maximum
values at the half-split lengths of around 25 mm for the 30-mm-thick specimens and
around 35-45 mm for the 50-mm-thick specimens. After exceeding the maximum
value, the restoring force gradually decreased with the increase in the half-split
length. The magnitude of the restoring force appears to reflect the internal stress
level within the specimen. The restoring forces of the HS specimens are clearly
higher than those of the LS specimens. However, the observed force values should
also be influenced by the specimen’s geometry. As shown in Fig. 4, higher restoring
force levels were detected in the thicker specimens. In the following section, an
attempt was made to relate the magnitudes of the restoring force to the level of the
internal stress within the lumber.

Estimation of the internal stress
By assuming a linear distribution of internal stress across half thickness of lumber
(Fig. 5a), the maximum linearly averaged internal stress ¢, was assumed to be

equal at the outer surface and at the inner core. This can be calculated by a
deflection of the half-split specimen (Fig. 5b) as expressed by
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where E, A, d and [ are Young’s modulus in the tangential (7) direction, mouth
opening, thickness and sawed depth of the specimen, respectively (Walton 2002). A
restoring force (P) is applied at distance a away from the end of the kerf (or at
distance g away from the specimen end) to keep the half-split specimen in the
original configuration prior to sawing (Fig. 5¢). According to Lados and Apelian
(2006), the restoring force (P) can then be expressed as

E-Ad-b
P:*
S

where b is the sample length and S is the geometrical shape factor.

It can be considered that each leg of the half-split specimen acts as a cantilever
beam that is rigidly fixed at one end and free at the other end. In addition, it is
assumed that the internal stress is fully relaxed across the thickness of the specimen
and the effects of other stress components (including stresses in the thickness and
the length directions, shear stresses and stress concentration around the end of the
kerf) are negligible. The restoring force (P) is calculated using the cantilever beam
equation (Hibbeler 2012) according to

2)
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Fig. 5 a Linear distribution of through thickness internal stress within lumber, b deflection of half-split
specimen caused by internal stress after sawing and ¢ application of restoring force to restrain the half-
split specimen in original configuration prior to sawing
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where [ is the second moment of area which is equal to %. By combining Egs. (1),
(2) and (3), the restoring force P can be expressed as
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w. It should be emphasized that

where the geometrical factor is S = E
according to Eq. (4), the magnitude o, can be straightforwardly calculated from the
measured restoring force without prior knowledge of the Young’s modulus E of the

wood.

. . . 4b12
By plotting the restoring force (P) against the term =g, the value of o, can then

be deduced from the slope of the graph. It appears that the model well describes the
experimental restoring data at relatively small values of %. In this flexural response

regime, the restoring force is proportional to the term % (Fig. 6a, b). Alternatively,
%
constant value of the term fTSl‘f is the value of g, (Fig. 6¢, d). The magnitudes of o,
derived from the graphs are 2.90 and 1.08 MPa for the 30-mm-thick HS and LS
specimens, respectively (Fig. 6a, ¢), and are 3.37 and 1.67 MPa for the 50-mm-thick
HS and LS specimens, respectively (Fig. 6, d). It should be noted that the presence
of other stress components especially in the thickness direction could also affect the
measured restoring force value. For the purpose of this study, all pieces of flat-sawn
lumber were selected such that stresses in thickness direction were relatively small
compared to those in the direction of width. In the future, the effects of other stress
components could be included in the calculations.

According to Eq. (4), the calculated restoring forces at those magnitudes of o,
derived are compared with the experimental values in Fig. 7a, b. As expected, a
good agreement between the calculated and the measured restoring force values is
obtained in the flexural response regime between the half-split lengths from 60 to
100 mm in the 30 mm-thick and 130-mm-wide specimens (Fig. 7a). Outside this
range, the calculated restoring forces overestimate the experimental values. At half-
split lengths <60 mm, it is expected that the internal stress was not fully relaxed
across the whole specimen thickness, and the presence of stress field around the tip
of the kerf had not yet been taken into account in the calculation. At the half-split
lengths more than 100 mm, stress field generated by the deep kerf should have
covered across the end of specimen with a width of 130 mm. Therefore, one end of
a half-split specimen leg cannot be considered to be fixed to a rigid support. A
modification of Eq. (4) to cope with such behaviors outside the flexural response
regime warrants further investigation and is a subject of future work. This is crucial
for thicker lumber such as the 50-mm-thick specimens where the flexural response
range was rather small of 80-95 mm (Fig. 7b). Estimation of the internal stress
within thicker lumber using the purely flexural model proposed is still possible but
is no longer appropriate. Analysis in the following section is therefore restricted to
the 30-mm-thick and 130-mm-wide rubberwood lumber.

one could plot the term against the half-split length (/) and the maximum, and

Validation of o, derived from the restoring force technique

The released strain and Young’s modulus in the tangential direction plus moisture
content distributions within the 30-mm-thick HS and LS specimens obtained from
the McMillen slice test are shown in Fig. 8a—c. The elastic strains due to the release
of internal stresses were not uniform (Fig. 8a). After slicing of the surface layer,
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lengthening with a positive value of released strain indicates that the wood in this
layer was under compressive internal stress before being sliced. On the other hand, a
negative released strain observed at the core layer indicates a tensile internal stress.
This behavior has been reported for casehardening of kiln-dried lumber by various
authors (McMillen 1958; Simpson 1999). Moisture content was approximately
uniform across the lumber thickness with the average values of 6.2 + 0.4 % and
10.2 £ 0.5 % in the HS and LS specimens, respectively (Fig. 8b). Since moisture
content was lower in the HS specimens, Young’s modulus in these specimens
(585 £ 112 MPa) was higher than that in the LS specimens (477 + 91 MPa)
(Fig. 8c).

Corresponding internal stress profiles, product of the released strain and the
Young’s modulus for each slice, are shown in Fig. 8d, e. The Poisson’s ratio effect
is assumed to be negligible. A linear average to the stress data was performed across
the thickness. Corresponding maximum stresses o, obtained were 2.10 and
0.97 MPa for the HS and LS specimens, respectively. These values are in general
agreement with those derived from the restoring force technique of 2.90 and
1.08 MPa for the HS and LS specimens, respectively. A very close agreement is
observed in the LS specimens where the internal stress profile is relatively low and
roughly linear (Fig. 8e). At higher levels of internal stress, the stress profile deviates
from the linear distribution. The maximum stresses at the surface and the core layer
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Fig. 8 Distributions of a released elastic strain, b moisture content, ¢ Young’s modulus within the HS
and LS specimens and distributions of the calculated internal stresses within d the HS and e the LS
specimens. Linearly averaged internal stress profiles obtained from the slice test (dashed lines) and the
proposed restoring force technique (solid lines) are also displayed for comparison

are different. Values of o, both underestimate and overestimate the maximum
compressive stress at the surface layer and the maximum tensile stress at the core
layers, respectively (Fig. 8d). Nevertheless, a single value of a,,,, representing the
average maximum magnitude of the internal stress within the kiln-dried lumber,
should be a simple and convenient stress indicator to be used in lumber industry.
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Validation of o, obtained from the restoring force technique should be performed
against other well-developed internal stress measurement techniques (Schajer and
Ruud 2013) in the future.

The restoring force—internal stress chart

Intended for practical use in the lumber industry, the chart of restoring force versus
half-split length plotted at different levels of internal stress is created in Fig. 9a, b.
The demonstration was made in this work for 30-mm-thick lumber with length in
the longitudinal direction of 50 mm and the restraining point at 10 mm from the top
end. Two sets of three 30-mm-thick industrial kiln-dried rubberwood lumber were
used. Stress relaxation of the kiln-dried lumber during conditioning at 85 °C and
80 % RH inside the conditioning chamber and during storage in ambient air at

Fig. 9 Determination of o, (a) 250 -
using the restoring force— Ctog‘gig"g":jg g=ggmm
. . a °f N N N =
internal stress chart by plotting 80%RH g:mmm
the measured values of the 200
restoring force as a function of Adter ki drvin
the half-split length of the = A
30-mm-thick and 130-mm-wide T
kiln-dried lumber during s 190
a conditioning at 85 °C and g
80 % RH and b storage in = 30 mins
ambient air at 28 & 2 °C and 5 100 | oo itonin
] 9
75 + 6 % RH &
50 90 mins
conditioning
0
30 40 50 60 70 80 90 100 110
Half-split length, / (mm)
(b) 250 ‘ .
Storage \ N d=30mm
at28+2°Cand | " b=50mm
75£6%RH : :
200
After kiln drying
2 ‘ Om
% 150 5.0 MPa
(0]
O
S 10 days
o 4.0 MPa
£
5 100
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28 £ 2 °Cand 75 £ 6 % RH was investigated using the chart. The half-split length
employed was from 60 mm to 100 mm, a suitable range as mentioned in
“Estimation of the internal stress” section.

The measured restoring forces obtained from each group of lumber roughly
follow a particular stress level line. The magnitude of 4, can be directly assessed
through the chart. Figure 9a shows that after kiln drying, o,,, was 3.3 MPa and after
conditioning for 30 and 90 min, it was reduced to 1.5 and 0.6 MPa, respectively.
For the second set of kiln-dried lumber, storage in ambient air for 10 and 20 days
reduced oy, to 1.8 to 1.0 MPa, respectively (Fig. 9b).

The restoring force measurement on the half-split specimens together with the
use of the proposed restoring force—internal stress chart should be a useful tool in
estimating the magnitude of internal stress within industrial kiln-dried lumber. This
technique, still a destructive method similar to the traditional prong one, should give
a reliable and meaningful stress measurement and is easy to perform. Ongoing
research focuses on determining g, outside the flexural response regime, which is
not covered by this model especially with relatively narrow (W < 90 mm) or thick
(d > 30 mm) lumber. Finite element analysis will be employed to study the
complex stress behavior outside the flexural response regime.

Conclusion

The following conclusions can be drawn from this work.

1. A procedure and an apparatus for the assessment of internal stress within kiln-
dried lumber have been presented. The restoring force measured on the half-
split specimens appears to be a reliable quantitative measure of the magnitude
of the internal stress.

2. The magnitude of the restoring force is dependent on the half-split length and
thickness of the specimens. With increased half-split length, the restoring force
sharply increases, reaches the maximum value and then gradually decreases.
Higher restoring force is obtained in the thicker lumber.

3. The model based on an elastic cantilever beam theory has been successfully
developed to directly deduce the maximum linearly averaged internal stress
from the measured restoring force data within the flexural response regime. No
information on the modulus of wood is required in the calculation. In the
30-mm-thick lumber, the flexural range is between the half-split lengths from
60 to 100 mm. This flexural range becomes smaller in the thicker lumber.

4. General agreement is found between the magnitudes of the maximum linearly
averaged internal stress derived from the restoring force technique and the
conventional McMillen slice technique, especially in the specimens having a
relatively low and roughly linear stress profile.

5. The restoring force—internal stress chart has been proposed for a practical use in the
lumber industry. A demonstration was carried out to follow stress relaxation during
conditioning and during storage of industrial kiln-dried rubberwood lumber.

@ Springer
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Abstract For a quantification of internal stress within
industrial kiln-dried timber, a comparison of a new restor-
ing force (RF) technique is made against the McMillen
slice test and the standard case-hardening test. Simulation
of the RF has been performed by using a numerical model
of finite element (FE) analysis. 30 mm thick industrial kiln-
dried rubberwood timber with 58, 78 and 100 mm widths
was used in the study. The measured RFs for each timber
size are proportional to the released strain data measured
by the McMillan slice test and the gap openings measured
according to the case-hardening test. The FE simulated and
measured RFs are in good agreement. The geometrical shape
factor as functions of timber width and cutting depth ratio
is derived so that the internal stress can then be calculated
without accounting for the modulus of elasticity. The cal-
culated maximum internal stresses of all the examined tim-
ber sizes fall into a single curve and linearly relate to the
released strain data. The RF measurement has the potential
to be an alternative method to the existing techniques for a
reliable and meaningful assessment of drying stress within
industrial kiln-dried timber.
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1 Introduction

Assessment of residual internal drying stress is an important
procedure for quality control of kiln-dried timber (Welling
1994). After drying, a piece of timber is usually under com-
pressive and tensile stresses at the outer layer and the inner
core, respectively (McMillen 1958; Simpson 1999). Without
an effective stress relief, remanufacturing of the stress-contain-
ing timber often increases losses due to distortion (Wengert
1992). Various stress-relaxing techniques such as hole-drill-
ing, contour method and slitting method are widely used to
determine residual stresses in alloys and ceramics (Schajer
and Ruud 2013). Conventionally, an assessment of internal
stress within industrial kiln-dried timber has been carried out
by using the stress relaxing of the McMillen slice test (McMil-
len 1958), the standard CEN case-hardening test (CEN/TS
2010) and the prong test (Simpson 1991). Strain or deflection
accompanying the elastic relaxation of internal stress caused
by sectioning or splitting is measured. Distributions of released
strain and moisture content across the thickness of timber are
commonly reported in the McMillen slice test. For the case-
hardening test, maximum gap between two half slices after
conditioning is successfully used to classify different drying
quality of kiln dried timber. The prong test, however, was
reported to potentially provide an ambiguous reading on the
level of the internal stress depending on the amount of the
wood removed (Welling 1994; Fuller and Hart 1994). Strain
related measurement is useful to describe and quantify wood
warping such as cupping when the cut piece of timber is free.
However, information related to stress would be appropriate
if the cut piece of timber is in a restrained configuration. This
includes, for example, the force acting on a saw blade during
splitting of the casehardened lumber and the internal stress
built up within composite member such as glulam where many
pieces of timber are glued together. Information on the elastic

@ Springer



Eur. J. Wood Prod.

modulus of wood is required for an interpretation of strain or
deflection into stress (Schajer and Ruud 2013; Walton 2002).
However, the modulus of elasticity of timber, depending on
several factors such as moisture content, specific gravity and
grain orientation (Bodig and Jayne 1982; Matan and Kyokong
2003; Sonderegger et al. 2013), is not conveniently measured
by kiln operator in sawmills. A new concept to measuring a
restoring force on a so-called “half-split” specimen has been
proposed and the corresponding device suitable for industrial
uses has been designed and constructed (Diawanich et al.
2012; Jantawee et al. 2016).

The aims of this research are to compare the results
obtained from the proposed restoring force technique against
those according to the existing techniques (McMillen 1958;
CEN/TS 2010) and to quantify the magnitude of the inter-
nal stress using the measured restoring force data. A numeri-
cal model of finite element (FE) analysis is first employed to
simulate the measured restoring force and then to deduce the
geometrical shape factor used in the internal stress calculation.
Emphasis is placed on investigation of internal stress behavior
of the 30 mm thick kiln-dried rubberwood timber with vari-
ous widths.

2 Background

At the beginning of the drying period, internal stress is gen-
erated as soon as the moisture content in the outer layer of
timber is below the fiber saturation point. Elastic response to
the incompatible shrinkage strains to preserve dimensional
continuity within a piece of timber induces tensile and com-
pressive stresses in the outer layer and inner core, respectively.
As the drying process continues, the internal stresses reverse
as a result of viscoelastic and mechano-sorptive creep. Then
up until the end of drying, a timber outer layer is under com-
pressive stress while an inner core layer is under tensile stress
(Perré and Passard 2007).

By assuming a linear distribution of internal stress across
half thickness of timber, magnitude of maximum stress, c,,,,
assumed to be equal at the outer surface and the inner core,
can be calculated by a deflection of the half-split specimen as
expressed by

_E-A5-d

=" M

where E, Ad,d and [ are Young’s modulus in the tangential
direction, mouth opening, thickness and sawed depth of the
specimen, respectively (Walton 2002). The restoring force,
P, required to keep the half-split specimen in the original
configuration can be computed using

_E-A6-Db

P @
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where b is sample length and S is a geometrical shape factor
(Lados and Apelian 2006). By combining Equations (1) and
(2), the maximum stress at the surface and the core layers
can be expressed as (Diawanich et al. 2012; Jantawee et al.
2016)
d

c,=S mP 3)

It should be noted that by this means the magnitude of
internal stress can be calculated directly from the measured
restoring force P without any knowledge of the Young’s
modulus, E, of the wood. It should be noted that the restor-
ing force technique applies a shear force load to the half-
split specimen. The resultant internal stresses induced by
the applied force are accounted for in the geometrical shape
factor S, which is dependent on half-split specimen configu-
ration such as specimens’ size, half-split length and configu-
ration of the applied force. Within this work, the values of
S for the test specimens are deduced by the FE technique.

3 Materials and methods
3.1 The restoring force measuring device

The restoring force measuring device proposed by Jantawee
et al. (2016) was used in this study. The equipment (Fig. 1)
consists mainly of a relatively rigid steel frame, two clamp-
ing jigs of 56 mm wide and a load cell (Cooper Instrument,
USA). One jig was fixed to the frame and another one was
attached to a steel rod connected to the load cell. A rub-
berwood specimen of 50 mm long, b, was first fixed to the
device by being clamped onto the jigs at a distance, g, of
10 mm away from the top end. Care was taken to ensure that
optimum torque of 2—3 N m was applied with a contact area
of 24 mm? to hold the specimen to the jigs without damaging
the specimen. While being clamped to the frame, the speci-
men was cut at half the thickness in the tangential direction
by half the width (I/W=0.5). The device was designed such

Clamping jigs Load cell

~ Force
monitoring device

Fig. 1 Photograph of the wood specimen installed in the restoring
force measuring device
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that the specimen clamped to the frame can be sawed in the
direction of the width using a band saw. Since the specimen
is restrained to the frame and to a steel rod connected to
the load cell, a net force generated by relaxation of internal
stress within the half-split specimen was transferred to the
load cell. The sign and magnitude of the force were then
displayed on the force reading device (Fig. 1).

3.2 Assessment of internal stress in industrial Kkiln
dried rubberwood timber

Kiln dried rubberwood timber (30 mm thick and 1300 mm
long) with three different widths (56, 78 and 100 mm) was
taken immediately after drying from a local sawmill in Nak-
hon Si Thammarat, Thailand. Ten boards from the same dry-
ing cycle were used for each group. The ring orientation was
controlled by selecting flat sawn boards. An average mois-
ture content of the kiln-dried boards was 3.6 +1.0% with
moisture content gradient between the surface and the core
layers of 0.7 +0.2%. For each timber, two adjacent speci-
mens were cut at approximately 50 mm from the end of
timber (Fig. 2a). The first specimen with the length of
50 mm was used to determine the restoring force and the
released strain according to the McMillen slice test (McMil-
len 1958). The timber surfaces in the thickness direction
were first slightly planed to remove irregularities to obtain
a relatively smooth surface. The specimen was marked by
divided lines so it could be cut into six equal slices. The
initial width of each pre-marked slice (W) was measured by
calipers having a precision of 0.01 mm. Measurement posi-
tions on each slice were marked so that the following width
measurements after slicing could be performed at the same
positions. The specimen was then assembled into the restor-
ing force measuring apparatus and cut through the pre-
marked half thickness line for a half width (//W=0.5). The
restoring force was recorded. The specimens were then cut
into slices along the pre-marked lines. Each slice was sub-
sequently pressed flat before its width, W,, was measured.
Care was also taken to ensure that about the same force was
applied to the caliper for every measurement. The released

. . . w,—W,
strain of each slice, &, was calculated according to e = T’
b

A section of each slice was weighted before and after oven-
drying at 104 °C for 24 h to determine its moisture content.
The second specimen cut at the length of 15 mm was sawed
into two halves by its thickness according to the case-hard-
ening test method (CEN/TS 2010). The two test pieces were
then placed flat on a test jig with 75 mm pin distance and the
maximum gap distance between the two test pieces at mid-
point was immediately measured with an accuracy of
0.1 mm. The measured value, subtracted with the diameter
of the test jig pins, was multiplied by a factor of 1.78 to
obtain the equivalent maximum gap distance measured at

the 100 mm pin separation, G, according to the case-
hardening test method (CEN/TS 2010).

The remaining pieces of timber were coated with alu-
minum paint at both ends and stored in ambient condition
(28+2 °C and 75+ 6% RH). Assessment of internal stress
was then performed at a week interval for up to three weeks
to examine the lower levels internal stress. For the case-hard-
ening test using a test jig with 75 mm pin distance (CEN/
TS 2010), only pieces of timber 78 and 100 mm wide were
examined. The pin distance is shorter than the width of the
56 mm wide timber. In addition, some pieces of rubberwood
timber stored in ambient condition for a longer time for up
to 4 months were also tested for a very low level of internal
stress.

For the FE model verification, a single 30 mm thick and
100 mm wide rubberwood board dried to a moisture con-
tent of 5.8 +0.5% was used. Two sets of specimens (five
replicates for each set) with relatively high level of internal
stress (HS) and low level of internal stress (LS) were pre-
pared for the restoring force test and the McMillen slice test
mentioned above. The HS specimens were tested immedi-
ately after kiln drying while the LS specimens were left in
ambient air (28 +2 °C and 75 +6% RH) for 7 weeks prior
to testing. In addition, Young’s modulus in the tangential
direction of each slice of the HS and LS specimens were
assessed using a universal testing machine (Lloyd 150kN,
UK) equipped with a strain gauge (Epsilon Technology,
USA).

3.3 Finite element (FE) analysis of the restrained
half-split specimen

The FE method was employed to verify the mechani-
cal response of the restrained half-split specimen and to
determine the geometrical shape factor for the three dif-
ferent widths of timber. The 3D model was created using
the commercial FE software, ANSYS v12. The consti-
tutive model of linearly elastic orthotropic materials
was assigned to the computational procedure. Young’s
moduli and shear moduli used in the FE analysis were
calculated as ratios of the measured Young’s modulus in
the tangential direction (E; : Ep : E; =20:1.6 : 1,
Gig: Gip : Ger=10:94:1and E; : Gp=14:1).
Three Poisson’s ratios were estimated to be pg, = 0.02,
Hrr =0.02 and ppr =035 (Bodig and Jayne 1982;
Kretschmann 2010). To reduce computational time in the
solving process, only a quarter of specimen was modeled as
presented in Fig. 3. The plane of symmetry was fixed in the
L-direction. All nodes in the clamping area were restrained
in the R-direction to deduce the calculated restoring force,
Pcul'

To validate the FE model, the released strain and Young’s
modulus data determined by the McMillan slice test were

@ Springer



Eur. J. Wood Prod.

Fig. 2 Sample layouts of a
the test specimen cut from the
timber, b the half-split specimen (a)

|13 mm | 50 mm J

for the restoring force measure-
ment, ¢ the McMillen slice test
and d the case-hardening test

(c)

(b)

(d)

applied to the layers corresponding to the tests. For the deter-
mination of the geometrical shape factor, S, the linearly dis-
tributed internal stress profile with the maximum magnitude of
+ 1 MPa at the surface and the core layers with a uniform value
of Young’s modulus in the tangential direction of 500 MPa
was employed.
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4 Results and discussion
4.1 Measurement of internal stress

The measured values of restoring force are plotted against
the measured released strain data for each layer of the
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Fig. 3 3D mesh for a quarter of the specimen used in finite element
simulation

kiln-dried timber with various widths in Fig. 4a—c. After
kiln drying, the outer and the inner layers of the timber are
often under compressive and tensile stresses, respectively. A
resultant force generated across the core through the surface
layers of the half-split specimen therefore bent the two legs
inward. The device was designed to restrain the specimen to
the initial position at the clamping points. As a result, a ten-
sile (positive) restoring force was detected on the load cell.
After slicing of the surface layer, lengthening with a positive
value of released strain indicates that the wood in this layer
was under compressive internal stress before being sliced.
On the other hand, a negative released strain observed at the
core layer indicates a tensile internal stress. This behavior
has been reported for casehardening of kiln-dried timber by
various authors (McMillen 1958; Perré and Passard 2007).

The magnitude of the restoring force at the surface and
the core layers appears to be proportional to the level of
the released strain. Linear coefficients, which are dependent
on timber width, are lower at the surface layer with respect
to those at the core layer by 30%. The values of the linear
coefficients of the 58—100 mm wide timber decrease from
1039 to 676 N/% at the surface layer and from — 1449 to
—978 N/% at the core layer. For the restoring force test,
Eq. (3) can be rearranged as P = bS—Wzam given that the half-
split length is equal to half of the width of timber (/= W/2).
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Fig. 4 Comparison of the restoring force and the released strain at
the surface, middle and core layers of the 30 mm thick and a 56 mm,
b 78 mm and ¢ 100 mm wide kiln-dried rubberwood timber and d
plot of restoring force against differential released strain between the
surface and the core layer at various timber widths
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Since the geometrical shape factor S also varies with W with
the third-degree polynomial equation (see Sect. 4.2) so that
the term }’Sidz decreases with increasing W. As a consequence,
wider specimen yields lower P value. At a particular level
of the restoring force, the magnitude of the positive released
strain at the surface layer is slightly greater than that of the
negative one at the core layer, while the released strain of
the middle layer is slightly less than zero. Therefore, the
released strain profile across the specimen thickness could
be assumed to be linearly distributed across timber thick-
ness, although the actual profile is not perfectly linear. Simi-
lar linear correlation is also observed when comparing the
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Fig. 5 Comparison of the measured maximum gap distance and the
released strain at the surface, middle and core layers of the 30 mm
thick and a 78 mm and b 100 mm wide kiln-dried rubberwood tim-
ber and ¢ plot of maximum gap distance against differential released
strain between the surface and the core layer at various timber widths
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maximum gap distance according to the case-hardening test
method against the magnitude of the released strain except
that higher values of linear coefficients are observed in
the wider timber (Fig. 5a, b). For the case-hardening test,
Eq. (1) can be rearranged as A = %Eo-m given that the
half-split length is equal to width of timber (I=W). There-
fore, wider specimen gives higher value of Aé, bending of
the half slice and therefore the maximum gap measured in
the case-hardening test. Comparison of the restoring force
and the maximum gap distance with the released strain data
(Figs. 4d, 5c, respectively) is best facilitated by plotting
those against the differential released strain, Ae, calculated
according to the equation Ae = €, — €, where € is the aver-
age released strain of the surface layer (slices 1 and 6) and €,
is the average released strain of the core layer (slices 3 and
4). It is clear that sensitivities, the slopes of the plots, of the
restoring force technique (Fig. 4d) and the case-hardening
test (Fig. 5c) decrease and increase with the timber width,
respectively. At the same level of the differential released
strain, the wider timber produces the lesser restoring force
and the higher maximum gap distance. Finally, linear rela-
tionship between the restoring force and the maximum gap
distance is obtained (Fig. 6).

It is reasonable that the results obtained by the restoring
force technique are consistent with those of the traditional
McMillen slice test (McMillen 1958) and the standard test
method of the case-hardening test (CEN/TS 2010). Fur-
thermore, the magnitude of the restoring force possesses
a linear relationship with the released strain obtained from
the McMillen slice test and the maximum gap distance
according to the case-hardening test, therefore the restor-
ing force measurement technique could be used as an
alternative means for the assessment of the internal stress
within industrial kiln-dried timber. Figure 7a—c show that
average moisture content of timber continuously increased
from 3.6 + 1.0 to 8.1 £0.9% after 3 weeks of storage in

400 28
s
350 P = 268G,q e
x78 mm  R2=0.80 4
300 d
P =109G,o0° o,
0100 mm R2=0.74 /

250

Restoring force, P (N)

1.0 1.5 2.0
Maximum gap distance, Gy, (mm)
Fig. 6 Comparison of the measured restoring force and the measured

maximum gap distance at various widths of the 30 mm thick kiln-
dried rubberwood timber
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Fig. 7 Distribution of moisture content across thickness of the
30 mm thick and a 56 mm, b 78 mm and ¢ 100 mm wide kiln-dried
rubberwood timber stored in ambient air (28 +2 °C and 75+ 6% RH)
for up to 3 weeks

ambient air. Since the boards are relatively thin (30 mm
thick) and were dried to uniform moisture content, during
storage in ambient air (28 +2 °C and 75 +£6% RH) an aver-
age moisture content gradient between the surface and the
core layers of just 0.5+0.3% was observed. Assessment
of internal stress in this work was therefore examined only
just after cutting. However, it should be noted that if a
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Fig. 8 Distributions of a released elastic strain, b moisture content
¢ Young’s modulus within the 30 mm thick HS and LS rubberwood
kiln-dried timber

significant moisture gradient exists such as in a relatively
thick board, then assessment of internal stress should be
performed both just after cutting and after equalization of
moisture content (Welling 1994; Sandland 2001; Mili¢ and
Kolin 2008). This is beyond the scope of this work and is a
subject of future work. An attempt is made in the follow-
ing sections to relate the size dependent restoring force to
the internal stress level within the timber.
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4.2 Validation of FE model and determination
of the geometrical shape factor

The released elastic strain and Young’s modulus in the tan-
gential direction and moisture content distributions within
the 30 mm thick and 100 mm wide HS and LS specimens
obtained from the McMillen’s slice test are shown in
Fig. 8a—c. The elastic strains due to the release of internal
stresses were not uniform (Fig. 8a). Moisture content was
approximately uniform across the timber thickness with the
average values of 5.8 +0.5 and 11.0+0.4% in the HS and
LS specimens, respectively (Fig. 8b). Since moisture con-
tent was lower in the HS specimens, Young’s modulus in
these specimens (562 +57 MPa) was higher than that in the
LS specimens (461 +55 MPa) (Fig. 8c). The experimental
restoring forces measured at the cutting depth ratio /W=0.5
are 183+ 16 N and 72+ 6 N for the HS and LS specimens,
respectively.

Using the released strain (Fig. 8a) and the average
Young’s modulus profiles in the tangential direction
(Fig. 8c), the mechanical state of the HS specimen before
and after half-splitting and restraining as predicted by the FE
model are shown in Fig. 9. Without restraining, the internal
stress within the half-split section is fully relaxed and elastic
deformation of the leg of the half-split specimen is observed
(Fig. 9b). By fixing all nodes within the clamping area on
both legs of the half-split specimen, the restoring force P,

(b)

Fig. 9 Contour plots of transverse internal stress predicted across the
thickness of one quarter of a the initial HS specimen and the half-
split HS specimen (//W=0.5) b without restraining and ¢ with the
restoring force (P,,= 174 N) applied at 10 mm away from the top
that keep the specimen in its initial configuration prior to sawing
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of 174 N was obtained from the FE model. The distribution
of transverse internal stress in the restrained half-split HS
specimen (Fig. 9c) is approximately similar to that within
the initial specimen prior to sawing (Fig. 9a). Actually for an
ideal restraining, the distribution of the internal stress within
the restrained half-split specimen should be as similar as
possible to that within the initial specimen prior to sawing.
However, this is very difficult to achieve and it is not practi-
cally possible to fully restrain the specimen for all stress/
strain components. Within this work, only transverse stress/
strain components were of interest. It should be emphasized
that an improvement on restraining of the half-split speci-
men could still be made and is worth further study. The pre-
dicted restoring force obtained from the FE model (174 and
70 N of the HS and LS specimens, respectively) is in good
agreement with the experimental restoring forces (183 +16
and 72+ 6 N for the HS and LS specimens, respectively)
within experimental errors.

After being validated, the FE model was employed to
deduce the geometrical shape factor S for the 30 mm thick
half-split specimen. By assuming a linear distribution of
internal stress from the outer surface through the core and a
constant Young’s modulus in the tangential direction across
the specimen thickness, the value of geometrical shape fac-
tor S was obtained from the simulated restoring force P, as

S=T )

where b, [ and d are length in the longitudinal direction,
half-split length and thickness of the specimen, respectively.
The derived geometrical shape factor plotted against width
of timber at various cutting depth ratios (//W) is shown in
Fig. 10. The geometrical shape factor increases with the
timber width and the cutting depth ratio. The factor at each
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Ol/W=0.4 s =0.00009W?+ 0.0067W2- 0.7733W + 36.933
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Fig. 10 Geometrical shape factor S derived by the FE model plotted
against width of the half-split 30 mm thick timber at various cutting
depth ratios (//W). Solid lines, the best third-degree polynomial fits to
the data, together with the fitted constants are also displayed
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cutting depth ratio is best described by the third-degree poly-
nomial equations. The fitted constants and the corresponding
correlation coefficients are also shown in Fig. 10. Together
with the Eq. 3, the geometrical shape factor derived can
be directly used in an estimation of the internal stress level
within timber from the measured restoring force. Determi-
nation of the geometrical shape factor for various timber
sizes and restraining configurations should be pursued in a
future work.

4.3 Evaluation of internal stress within Kiln-dried
timber

To assess the level of the internal stress within the timber,
the maximum internal stresses o,, were calculated from the
restoring force data by means of Eq. 3 with the use of the
geometrical shape factor calculated from the third-degree
polynomial equations and the constants in Fig. 10. The cal-
culated maximum internal stresses are plotted against the
released strain data measured for each layer of the kiln-dried
timber with various widths in Fig. 11a-c. The magnitude of
the maximum internal stress both at the surface and the core
layers is proportional to the level of the released strain with
linear coefficients of 9.62 +0.42 and — 13.65 +0.38 MPa/%,
respectively, independent of the timber width. By plotting
the calculated maximum stress against the differential
released strain (Fig. 11d), a linear relationship is obtained
and data from different widths of timber seem to fall into
a single curve. The linear constant of the best fit line
deduced from the graph is 514 + 136 MPa. The scatter of
the data points around the best-fit line is due to variation
in the Young’s modulus of the kiln dried rubberwood tim-
ber which depends on several factors such as specific grav-
ity and moisture content of the timber. If it is assumed that
Young’s modulus of each timber in the transverse (tangen-
tial) direction is somewhat constant, stress at the surface
layer (o,) and stress at the core layer (c,.) can be expressed as
o, = Ee and 6, = E¢_, respectively. It can be estimated that
0, — 0.~ ;—ldm = E(e;, — €,) = EAe. Therefore, the maxi-
mum internal stress is proportional to differential released
strain between the surface and the core layers via the equa-
tion o, = %EA&. As a result, the average value of Young’s
modulus in the tangential direction of 685 + 181 MPa could
be deduced from the linear constants obtained in Fig. 11d.
The average moisture content of all tested specimens in
Fig. 11d is 6.8 £2.0%. Given that the information concern-
ing modulus in the tangential direction of rubberwood is
very sparse, a general agreement between the calculated and
the experimental (Fig. 7¢) and other sources (Jantawee et al.
2016; Matan et al. 2009) data of Young’s modulus as a func-
tion of moisture content can be observed in Fig. 12. In addi-
tion, the coefficient of variation (CV) of 26% in the value of
Young’s modulus, is in the reasonable range according to the
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Fig. 11 Comparison of calculated maximum internal stress o,, and
the released strain at the surface, middle and core layers of the 30 mm
thick and a 56 mm, b 78 mm and ¢ 100 mm wide kiln-dried rubber-
wood timber and d plot of maximum internal stress against differen-
tial released strain between the surface and the core layer at various
timber widths
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Fig. 13 Plot of maximum internal stress against maximum gap dis-
tance at various widths of the 30 mm thick kiln-dried rubberwood
timber

nature of wood (Bodig and Jayne 1982; Matan and Kyokong
2003), provided that the test samples were randomly selected
from a pile of industrial kiln-dried rubberwood timber.

Figure 13 shows the calculated maximum internal stress
plotted against the maximum gap distance values obtained
from the case-hardening test. Although both values follow
a linear relationship, the maximum gap distance value is
dependent on the width of the timber meaning that different
sizes of timber could yield different gap distance values even
though they possess a similar level of internal stress. This
behavior is also confirmed by a plot of the maximum gap
distance against the differential released strain (Fig. 5c) in
which linear constants obtained are dependent on the width
of the timber.

The information obtained from the restoring force meas-
urement is consistent with that obtained from the conven-
tional McMillen slice test and the standard test of the case-
hardening test. In addition, the restoring force technique is
relatively easy to perform and the level of the internal stress
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can be directly calculated without the use of the modulus
data of the wood. The released strain and the deflection
occurring according to the McMillen slicing and the case-
hardening techniques are usually small and difficult to meas-
ure. The proposed restoring force technique gives a reliable
and meaningful measurement of the extent of the internal
stress within the kiln-dried timber. Recently, this technique
has been adapted to monitor in real-time the evolution of the
internal stress during drying, conditioning and storage of the
kiln-dried timber (Diawanich et al. 2010; Tomad et al. 2012).

5 Conclusion
The following conclusions can be drawn from this work:

1. The measured restoring force of the half-split speci-
men, mechanically corresponding to the relaxation of
the internal stress caused by the half-split cutting, is
linearly related to the released strain measured by the
McMillan slice test and the case-hardening test values
according to the CEN standard test method. The results
obtained by the new technique are consistent with those
of the two conventional ones.

2. A numerical model based on finite element analysis for
the restoring force technique is presented. Experimental
validation of the model is performed by restoring force
and released strain measurements. The predicted and
measured restoring forces are shown to be in agreement.
The model is then employed to deduce the geometrical
shape factor for an evaluation of the internal stress level
within the 30 mm thick timber as functions of timber
width and cutting depth ratio.

3. With the use of the derived geometrical shape factor,
the magnitude of the maximum internal stress can be
directly estimated from the measured restoring force.
The calculated stresses, regardless of timber size, lin-
early vary in a similar manner with the released strain
data according to the McMillen slice test. The derived
Young’s modulus is in general agreement with the
experimental data in the literature.

4. The restoring force measurement on a half-split speci-
men has potential to be an alternative method to the
conventional techniques for a reliable and meaningful
assessment of drying stress within industrial kiln-dried
timber. The technique allows the internal stress level
within the timber to be estimated without prior knowl-
edge of the modulus of wood.
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Correction to: Eur. J. Wood Prod.
https://doi.org/10.1007/s00107-017-1243-2

Unfortunately, an unintentional mistake has been made
during calculation of maximum gap distance G, for the
100 mm wide timber in the presented article.

The G100 values of the 100 mm wide timber displayed in
Fig. 5b, Fig. 5c, Fig. 6 and Fig. 13 were calculated using an
incorrect equation G, = G5 X 1.78 X 1.78 where G5 is the
maximum gap distance measured at 75 mm pin separation.
Referring to the standard case-hardening test, the value of
G o 1s calculated according to Gy = G5 X 1.78. The mis-
take has led to an inaccurate discussion that the G, value is
dependent on the width of the timber when being compared
to the results obtained from the restoring force technique and
the McMillen slice test.

The corrected results reveal that the G value is inde-
pendent of the timber width and the proposed restoring
force technique, the McMillen slice test and the standard
case-hardening test are quantitatively consistent among
each other. The changes do not affect final conclusions in
the published article. However, some discussions related
to the standard case-hardening test do contain errors that
require corrections.

The original article can be found online at https://doi.org/10.1007/
s00107-017-1243-2.
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Nakhon Si Thammarat Seaboard Industrial College,
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Internet Innovation Laboratory, National Electronics
and Computer Technology Center, Pathumthani 12120,
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Error 1: Fig. 5b and related discussions in Sect. 4.1

Errors in the published article:

Similar linear correlation is also observed when compar-
ing the maximum gap distance according to the case-harden-
ing test method against the magnitude of the released strain
except that higher values of linear coefficients are observed
in the wider timber (Fig. 5a, b). For the case-hardening test,
Eq. (1) can be rearranged as Ad = %Eam given that the
half-split length is equal to width of timber (I=W). There-
fore, wider specimen gives higher value of Ad, bending of
the half slice and therefore the maximum gap measured in
the case-hardening test.

(b)

25 - .
{msurace (186) - 5305, | Width 100mm
= 1x Middle (285) Re=002 !
£ 20 10 core (384) '
s ] !
8» 1.5 1 »:
IS ] IS
3 ] k!
3 101 '
& ] Gigo = -8.87¢ G. =675
100 = 8- =6.75¢,
g ] R?=0.38 07
S 054 o
£ 1
x
2 ]
0.0 I VA—————
04 03 02 -0 0 0.1 02 03 04

Released strain, € (%)

Figure 5b in the published article contains errors. The
G oo values plotted in the vertical axis of all data were calcu-
lated using an incorrect equation Gy, = G55 X 1.78 X 1.78.

Corrections:

Similar linear correlation is also observed when
comparing the maximum gap distance according to the
case-hardening test method against the magnitude of the
released strain. The linear coefficients are independent of
the timber width (Figs. 5a—-b). For the case-hardening test,
Eq. (1) can be rearranged as Aé = %Eam given that the
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half-split length is equal to width of timber (I=W). There-
fore, the value of A, bending of the half slice and there-
fore the maximum gap measured in the case-hardening
test, varies with square of the timber width (Welling 1994).

(b), .

] ®m Surface (186) Width 100mm
1 x Middle (285)

2.0 1 g Core (384)

1.5 1 Gy = -46.77¢y

R?=0.02

Maximum gap distance, G;q, (mm)

Released strain, € (%)

The Gy, values are corrected according to
GIOO = G75 X 1.78.

Error 2: Fig. 5¢ and related discussions in Sect. 4.1

Errors in the published article:

It is clear that sensitivities, the slopes of the plots, of
the restoring force technique (Fig. 4d) and the case-hard-
ening test (Fig. 5c) decrease and increase with the timber
width, respectively. At the same level of the differential
released strain, the wider timber produces the lesser restor-
ing force and the higher maximum gap distance.

(c),, -
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Figure 5c in the published article contains errors. The
G oo values of the 100 mm wide timber (open square sym-
bols) plotted in the vertical axis were calculated using an
incorrect equation Gy, = G75 X 1.78 X 1.78.
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Corrections:

It is clear that sensitivities, the slopes of the plots, of the
restoring force technique (Fig. 4d) decrease with the timber
width while those of the case-hardening test (Fig. 5c) are unaf-
fected. At the same level of the differential released strain,
the wider timber produces the lesser restoring force but yields
constant level of G 4.

(), .
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The G, values of the 100 mm wide timber (open square
symbols) are corrected according to Gy, = G5 X 1.78.

Error 3: Fig. 6
Errors in the published article:
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Figure 6 in the published article contains errors. The G
values of the 100 mm wide timber (open square symbols) plot-
ted in the horizontal axis were calculated using an incorrect
equation G, = G75 X 1.78 X 1.78.
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Corrections:
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The G|, values of the 100 mm wide timber (open square
symbols) are corrected according to G, = G75 X 1.78.

Error 4: Fig. 13 and related discussion in Sect. 4.3

Errors in the published article:

Figure 13 shows the calculated maximum internal stress
plotted against the maximum gap distance values obtained
from the case-hardening test. Although both values follow
a linear relationship, the maximum gap distance value is
dependent on the width of the timber meaning that different
sizes of timber could yield different gap distance values even
though they possess a similar level of internal stress. This
behavior is also confirmed by a plot of the maximum gap
distance against the differential released strain (Fig. 5c) in
which linear constants obtained are dependent on the width
of the timber.
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Maximum stress, o, (MPa)
N
o

0.0 0.5 1.0 1.5 20
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Figure 13 in the published article contains errors. The
G g values of the 100 mm wide timber (open square sym-
bols) plotted in the horizontal axis were calculated using an
incorrect equation Gy, = G55 X 1.78 X 1.78.

Corrections:

Figure 13 shows the calculated maximum internal stress
plotted against the maximum gap distance values obtained
from the case-hardening test. Both values follow a linear
relationship and the maximum gap distance value is inde-
pendent of the width of the timber meaning that different
sizes of timber yield similar gap distance values if they
possess a similar level of the internal stress. This behavior
is also confirmed by a plot of the maximum gap distance
against the differential released strain (Fig. 5¢) in which lin-
ear constants obtained are independent of the width of the
timber.
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The G, values (open square symbols) of the 100 mm
wide timber are corrected according to Gy, = G5 X 1.78.
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Abstract The generation of drying stress within the lum-
ber from the trunk of a rubber tree prepared from different
locations (radial distance up to 110 mm and height up to
4 m) has been investigated in real-time by using a restor-
ing force measurement on half-split specimens. Drying
was performed at constant dry-bulb and wet-bulb tem-
peratures of 90 and 60°C, respectively. The entire restor-
ing force profiles do not vary significantly with height. In
addition, before and after the reversal of stress, the force
profiles are largely similar and the maximum negative and
positive forces are approximately equal regardless of wood
locations within the tree trunk. However in the radial direc-
tion, the process of stress reversal consisting of two nega-
tive force maxima appears to proceed slower in the inner
juvenile wood than in the outer mature wood. Upon water
immersion of the specimens for 4 months, the second nega-
tive force maximum gradually disappears and the force pro-
files with a shorter stress reversal period become less sensi-
tive to the wood locations. An examination of the drying
curves in the second stage of drying during stress reversal
also indicates a slower migration of bound water out of the
lumber in the juvenile wood compared to that in the mature
wood. The drying is also faster in the water-immersed spec-
imens. It is concluded that variability of the internal stress
within the trunk of a rubber tree originated from the role of
cell wall amorphous constituents and cell wall extractives
on creep property and the movement of bound water within
the wood cell wall during drying.

< Nirundorn Matan
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Materials Science and Engineering, School of Engineering

and Resources, Walailak University, 222, Thaiburi, Thasala
District, Nakhon Si Thammarat 80160, Thailand
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1 Introduction

Since several pieces of lumber are commonly dried together
inside a batch kiln, natural variability in wood properties
must therefore be accounted for in the design of drying pro-
cedures (Langrish and Walker 2006). Variation in the prop-
erties among pieces and even within each piece of lumber
causes variability in drying rate and sensitivity to drying
defects (Perré and Martin 1994). While the former has been
extensively investigated both theoretically and experimen-
tally (Perré and Turner 1999, 2007; Tremblay et al. 2000),
the latter has been largely examined through a variety of
mathematical models in which a number of parameters
required were determined by experiments (Pang 2000;
Perré and Passard 2004; Moutee et al. 2007, 2010). At the
beginning of drying, the internal stress is initially generated
within a piece of wood as a result of differential shrinkage
between the surface and the core sections. The tensile and
compressive stresses are developed at the outer and inner
layers, respectively. As drying continues, the internal stress
then reverses as a result of viscoelastic and mechano-sorp-
tive creep (Perré and Passard 2007; Moutee et al. 2007).
Defects such as surface and internal checks and splits could
take place when the internal tensile stress exceeds the
wood’s strength at any moment during drying. Generation
of drying stress and its potential for causing defects have
been extensively studied both in lumber (Ormarsson et al.
1998, 1999, 2000) and wood discs (Kang and Lee 2002;
Larsen and Ormarsson 2013).

Although an interrupted assessment of internal stress is
possible by using standard techniques such as the McMil-
len slice test (McMillen 1958) and the case-hardening test
(CEN/TS 2010), note that information, especially dur-
ing any rapid changes in the magnitude of stress, could be
lost. Diawanich et al. (2010) introduced a real-time internal
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stress assessment by measuring the restoring force required
to restrain a half-split specimen. This force was proven to
be proportional to the differential of the released strain
between the lumber’s surface and core layers according to
the McMiillen slice test (Diawanich et al. 2012; Tomad et al.
2012). This technique has been used to study the effects of
wet-bulb temperature patterns on the evolution of internal
stress within lumber during drying (Tomad et al. 2012). By
using a real-time assessment of internal stress, it is possible
to pinpoint the moment when internal stress is the highest
and when the defects are likely to occur during drying.

Rubber trees, widely grown in Southeast Asia for the
production of latex, are used in this study. The trees are
usually cut down after 25-30 years for replanting when
their production of latex is uneconomical (Balsiger et al.
2000). Rubberwood logs, the byproduct of felled rub-
ber trees, are usually transferred to local sawmills around
the area. The production of rubberwood lumber consists
mainly of log sawing, chemical impregnation and kiln dry-
ing of the sawn lumber (Hong 1995; Teoh et al. 2011).
Attempts to accelerate drying of rubberwood lumber by
increasing temperature and lower humidity inside the dry-
ing kiln have been studied (Theppaya and Prasertsan 2004;
Srivaro et al. 2008). Lumber quality is normally examined
at the end of drying (Ratnasingam et al. 2010). To cope
with variability in wood properties, kiln operators tend to
employ conservative drying schedules which could unnec-
essarily prolong the drying time. Since trees have orthogo-
nal symmetry as a result, wood properties (such as specific
gravity plus physical and mechanical ones) vary with the
radius from the pith as well as height (Haygreen and Bow-
yer 1989; Ferreira et al. 2011).

The objective of this research is to examine the evolu-
tion of internal stress within the lumber prepared from dif-
ferent locations of the rubber tree trunks during drying. A
real-time assessment of the internal stress is performed by
using a restoring force technique on a half-split specimen
(Diawanich et al. 2010; Tomad et al. 2012). An attempt
is also made to understand the underlying mechanisms
responsible for variability in the stress profiles observed.

2 Materials and methods
2.1 Rubber trees and preparation of test specimens

Two adjacent rubber trees roughly 25 years old from a plan-
tation in the Thasala district of the Nakhon Si Thammarat
province in Thailand were used in this work. The trees
were sawn into 150—170 mm thick discs. Each disc was cut
in half into two sections. One section was put in a plastic
bag and kept in ambient air and the other was immersed
in water for up to 6 months. Prior to testing, the half discs
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were impregnated with water in a pressure vessel at 12 bar
for 60 min to attain the saturated moisture content with the
full-cell process. A vacuum of —0.8 bar was performed for
15 min both before and after the pressurization.

Specimens for internal stress measurement were pre-
pared from the half discs at different locations within the
trunk. Orthogonal coordinates (i.e. distance from pith, r,
and height from ground level, &) were employed to specify
each specimen’s location within the tree trunk. Specimens
were divided into four coordinate groups along the height,
ie. h; at 1.0+0.5 m, h, at 2.0+0.5 m, h; at 3.0+0.5 m
and h, at 4.0+0.5 m (Fig. la) and into three coordinate
groups along the radial direction (i.e. r; at 30+ 15 mm, r, at
70+ 15 mm and r5 at 110+ 15 mm) from the pith (Fig. 1b).

2.2 Internal stress measurement

Evolution of the internal stress within the rubberwood
specimens during drying was monitored using the force
measurement technique proposed and verified with
the McMillen slice test by Diawanich et al. (2010) and
Tomad et al. (2012). The restoring force required to
restrain a so-called “half-split” specimen (Fig. 2a) during
drying was measured via a load cell (Cooper instruments,
USA). The specimen of dimensions 30 mm (thickness

Fresh specimens Water-immersed

| specimens
- ————————— = L e -

h3 (3.0+£0.5m)

(a) -

h2(2.0£0.5m)

I AP S —
E -
I
I
I
I

h1l (1.0£0.5m)

— —

Fig. 1 Schematic diagram illustrating locations of specimens within
the rubber tree trunk divided into a four coordinate groups along the
height (h,, h,, h; and h,) and b three coordinate groups along the
radial direction (r;, r, and r3)
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Fig. 2 a Schematic diagram illustrating details of the restoring force
measuring device equipped with the half-split and the free shrinkage
specimens and b photograph of the device

in radial direction) X 80 mm (width in tangential direc-
tion) X 50 mm (length in longitudinal direction) was sawn
in the tangential direction by a half width (40 mm) to
divide the thickness in half (15 mm). The saw line was
2 mm wide. Longitudinal surfaces and the half-sawn
faces were sealed with thin aluminium tape to prevent
moisture loss before inserting a thin piece of heat insula-
tion into the saw line to prevent direct heat transfer into
the core of the specimen. Force generated as a result of
the half-split specimen’s shrinkage was compensated
for by adding a “free shrinkage” specimen of the same
dimensions (Diawanich et al. 2010). The restoring force
measuring device equipped on both the half-split and the
free shrinkage specimens is shown in Fig. 2b.

2.3 Drying procedure

Drying was carried out in a 15 m® drying kiln (Eurasia, Sin-
gapore). A stack of lumber, separated by two 30 mm fillets,
was placed inside the kiln. For each run, a restoring force
measuring device was placed within the lumber stack. Only
airflow through the lumber stack was allowed. Fan speed
was adjusted to achieve an air velocity through the lumber
stack of 4 m/s. The drying schedule was executed via the
control system (LabView, National Instruments, USA). A
single step drying schedule at the dry-bulb temperature of
90°C and the wet-bulb temperature of 60°C (Haslett 1998;
Srivaro et al. 2008) for 70 h was performed for all drying
tests. Steam used to provide heat and humid air within the
kiln was generated by an electric boiler (Sahathai Factory,
Thailand). Steam pressure at the boiler was maintained at
5 bar. For determination of the drying curves in some spe-
cific treatments, two pieces of lumber (30 mm in the radial
direction X 80 mm in the tangential directionX 120 mm in
the longitudinal direction) were placed inside the lumber
stack and periodically weighed for the calculation of mois-
ture content.

3 Results and discussion
3.1 Drying of the fresh specimens

In general, the behavior of all measured restoring force
profiles (Fig. 3a—c) is consistent with the mechanisms
underlying drying stress generation previously described
by various authors (McMillen 1958; Simpson 1991; Perré
and Passard 2007). At the beginning of drying, the meas-
ured restoring force remains at zero for a very short period
of time of about 1 h. At this stage, only free water evapo-
rates out of wood and the moisture content of the whole
lumber is still higher than the fiber saturation point (FSP)
and therefore no internal stress is generated. As drying
continues, the outer layer dries to below the FSP, while
the inner layer is still above the FSP. Both the tensile and
compressive stresses are induced at the outer and inner
layers, respectively. The internal stresses are generated as
a result of an elastic response to the incompatible shrink-
age strains. Since the specimen is split at a half thickness,
a net resulting stress across the inner through the outer
layers produces a force trying to bend the half-split speci-
men outward. A device is designed to keep the specimen
at its original configuration. As a result, a negative force is
observed at the load cell. While drying continues, the sur-
face and core layers are dried under tensile and compres-
sive stresses, respectively. The internal stress at the surface
and in the core layers is reversed from tensile to compres-
sive and then from compressive to tensile, respectively, as
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Fig. 3 The restoring force profiles of the specimens prepared
from rubber tree trunks at distances of a r; (30+15 mm), b r,
(70+15 mm) and ¢ r; (110+ 15 mm) from the pith at various heights
hy (1.0+0.5 m), h, (2.0£0.5 m), i3 (3.0+0.5 m) and i, (4.0+0.5 m)
during the drying at dry-bulb and wet-bulb temperatures of 90 and
60 °C, respectively

a result of viscoelastic and mechano-sorptive creep (Perré
and Passard 2007; Moutee et al. 2007). During this stage,
the negative force measured at the load cell decreases and
changes its sign to a positive one. After reaching a maxi-
mum positive value, the force slightly continues to decline
until the end of drying. The relatively higher level of stress
in the second part of drying in the inner part of the wood
is probably due to the fact that the high temperature and
moisture content at the start of drying produced a high level
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of mechano-sorptive and viscoelastic creep at the surface,
which in turn tends to produce a higher level of stress in
tension in the inner part at the end of the drying process.
Future research to bring further the measurement of stress
evolution by adding a conditioning step at the end of the
drying schedule (Pang et al. 2001; Diawanich et al. 2010)
should be performed.

The restoring forces appear to be largely unrelated to the
height of the rubber trees. At the same distance from the
pith, the restoring force profiles of the specimens prepared
from different heights approximately evolve with time in
a similar manner (Fig. 3a—c). On the other hand, the force
profiles clearly change with a radial distance from the pith
as longer drying time was required for the completion of
stress reversal in the r; specimens near the pith compared
to those of the r, and r; specimens further away. Although
the reversal of stress for all specimens started after 5 h of
drying, its completion was from 40 to 50 h for the r, speci-
mens (Fig. 3a) but was only from 25 to 30 h for the 1,
and r; specimens (Fig. 3b, c). According to Ferreira et al.
(2011), a separation of the juvenile and mature wood zones
in the rubber tree was determined by changes of the fiber
length of about 40-55 mm from the pith. Therefore, the r,
specimens are in the juvenile wood zone while the r, and
r; specimens are in the mature wood zone. Because several
properties of the mature wood are roughly constant with
the radial distance from the pith (Haygreen and Bowyer
1989), the internal stress profiles of the r, and r; specimens
(Fig. 3b, c) are approximately similar.

Figure 4a, b show the average drying curves of the r,
and r; specimens at two different heights, h; and h;. All
specimens were impregnated with water to attain satura-
tion prior to testing. It is evident that the saturated moisture
contents of the r; and r; specimens at a particular height are
equal. But lower saturated moisture content was observed
at higher heights. An examination of the specimens’ spe-
cific gravity revealed higher values of specific gravity
at greater heights which varied from 0.62+0.05 at h; to
0.69+0.02 at h; above ground. It is well known that the
saturated moisture content in wood has an inverse relation
to specific gravity (Skaar 1972; Glass and Zelinka 2010).
Therefore, the increase in specific gravity should be respon-
sible for the lower saturated moisture content observed in
the h; specimens compared to h;.

The drying curves, reflecting the rate of water evapora-
tion out of the lumber, also reveal some underlying mech-
anisms of the observed restoring force profiles. For up to
5 h at the beginning of drying, the r; and r; specimens at
the same heights possess similar linear drying rates (equal
slopes in Fig. 4a, b). Variation within trees should have
little influence on the movement of moisture, in both free
and bound water, on lumber at this early stage of drying.
As a result the restoring force profiles for all tests within
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Fig. 4 Drying curves of the specimens prepared from rubber tree
trunks at distances of r; (30+15 mm) and r; (110+15 mm) from
the pith at heights of a &; (1.0+£0.5 m) and b 45 (3.0+£0.5 m) above
ground

this period (Fig. 3a—c) are rather similar. Internal stress
generated during this drying period, with the drying of the
outer layer below the FSP and the inner layer above the
FSP, is thereupon largely unaffected by the variation within
tree. The r; specimens then started to dry faster than the
r; specimens and reached the equilibrium moisture con-
tent (EMC) at 3.5+0.1% after about 3040 h of drying. In
comparison, it took up to about 50 h for the r; specimens
to reach that level of EMC. At this later stage of drying,
variation within the trees appears to play a significant role
in the drying of lumber especially the movement of bound
water within the wood cell wall (Perré and Turner 2007).
Thus, the slower drying rate in the r; specimens compared
to that of the r; specimens (Fig. 4a, b) must be responsible
for the longer stress reversal period observed in these speci-
mens (Fig. 3a—c). The internal stress profiles of the r; and
r; specimens hardly changed after the specimens reached
the EMC.

It should be noted that the restoring force profiles always
contain two negative force maxima during the stress rever-
sal. The first global maximum of negative force in all speci-
mens was observed at drying times of 5-6 h. There was a
slight increase of the magnitude of the maximum negative
force from —45+4 N of the juvenile r; specimens near the
pith to -62+4 N of the mature r, and r; specimens further
from the pith (Fig. 3a—c). The second local maximum of
the negative force at —26 +4 N took place during 15+2 h of
drying in the r, and r; specimens; this force was less obvi-
ous and occurred at a longer drying time of about 20-30 h
in the r; specimens. After attaining the second local maxi-
mum, the force magnitude decreases and changes to a posi-
tive sign. The restoring force of all specimens increases and
reaches the maximum positive force of 148 +15 N before
slightly declining until the end of drying. Because the max-
imum negative force (indicating the risk of surface check-
ing) and the maximum positive force (indicating the risk of
internal checking) are roughly insensitive to wood locations
within the trunk, it is therefore suggested that there is no
need for a rubberwood lumber classification for drying in
the lumber industry.

It is well known that viscoelastic and mechano-sorptive
creep causes stress reversal in lumber during drying (Perré
and Passard 2007; Moutee et al. 2007). The maxima of two
negative forces during stress reversal indicate that at least
two distinct sources of creep should be operative. Main cell
wall amorphous constituents such as hemicelluloses, lignin
and non-crystalline cellulose (Haygreen and Bowyer 1989)
exhibit viscoelastic and mechano-sorptive creep behaviors
when exposed to high temperature under the constant and
cyclic conditions of humidity, respectively (Glasser et al.
1998). In contrast, extractive substances within the cell wall
have been reported to retard creep deformation (Ajuong
and Breese 1997). An attempt is made in the following sec-
tion to deconvolute the influences of main amorphous con-
stituents and extractives within cell walls on the generation
of internal stress.

3.2 Drying of the water-immersed specimens

Figure 5 shows the restoring force profiles of the r; speci-
mens that were immersed in water for up to 6 months. It is
obvious that the longer the immersion time, the quicker the
stress reversal and the gradual disappearance of the second
maximum negative force. After 4 months of water immer-
sion, the second maximum negative force completely dis-
appeared and water immersion hardly affects the internal
stress profile. The internal stress profiles of the specimens
immersed in water for 4 and 6 months are rather similar.
Higher magnitudes of the maximum negative force took
place at longer drying times of around 10-15 h. In addition,
specimens prepared from all locations within the tree trunk
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Fig. 5 Restoring force profiles of the specimens immersed in water
for up to 6 months prepared from rubber tree trunks at distance of r,
(30+15 mm) from the pith and at height of A, (2.0+0.5 m) above
ground
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Fig. 6 Restoring force profiles of the water immersed specimens pre-
pared from rubber tree trunks at distances of a | (30+ 15 mm) and b
3 (110+ 15 mm) from the pith at various heights above ground

also exhibited comparable restoring force profiles with only
a single negative maximum force after immersion in water
for 4 months (Fig. 6a, b).

The drying curves of the specimens before and after
4 months of water immersion are shown in Fig. 7a—d. All
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specimens were impregnated with water to attain satu-
ration prior to testing. Higher initial saturation of mois-
ture content, observed in the water-immersed specimens,
should be responsible for the longer drying time (10-15 h)
required for the maximum negative force to take place.
While the initial linear drying rates in the fresh and the
water-immersed specimens (initial slopes in Fig. 7a—d)
are similar, the drying rates of the water-immersed speci-
mens in the second stage of drying are clearly higher than
those of the fresh specimens. The equilibrium moisture
contents of both fresh and water-immersed specimens are
approximately equal at 3.4+0.2%. Provided that the water-
immersed specimens possessed higher initial moisture con-
tent, they reached the EMC prior to the fresh specimens
(Fig. 7a—d). Thus, the movement of bound water within the
cell walls of the water-immersed specimens must be easier.
The quicker drying rate in the second stage of drying in the
water-immersed specimens corresponds well to the faster
stress reversal observed in these specimens compared to the
fresh ones.

3.3 Discussion on underlying mechanisms

The results from the experimentation raise various points
which warrant further discussion and rationalization. The
issues are taken in turn.

3.3.1 Role of cell wall extractives

During water immersion, water-soluble extractives both
within cell cavities and cell walls should be gradually
depleted over time. The extractives of rubberwood are
mainly hydrophilic compounds of free sugar, starch and
amino acids (Simatupang et al. 1994). However, Ajuong
and Breese (1997) reported that the lumen-located extrac-
tive fractions have no significant effect on short-term creep.
In addition, a similar initial linear drying rate in the fresh
and water-immersed specimens (Fig. 7a—d) also indicates
the insignificant role of extractives in the cell cavities on
the movement of free water out of the lumber. As a con-
sequence, the shorter stress reversal time (Figs. 5, 6a, b)
plus the increase in the drying rate during the second stage
(Fig. 7a—d) should be related to the depletion of water-sol-
uble extractive substances from the cell wall during water
immersion. Without the presence of the extractives, the
movement of bound water within the cell wall should be
easier. In addition, bacterial attack during the water immer-
sion could have contributed to the higher drying rate as
compared to the fresh specimens (Kobayashi et al. 1998).
This warrants further investigation and is a subject for
future work.

The cell wall extractives have been reported to retard
creep deformation. Acceleration of creep has been observed
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with the gradual depletion of extractive substances from the
cell wall and with the removal of water-soluble extractives,
resulting in great creep deformation (Ajuong and Breese
1997). It was suggested that the water-soluble extractives,
which are frequently contained in the side chain sugar
residue, are chemically bonded through the side chain to
lignin, hemicellulose and/or cellulose (Ajuong and Breese
1997). The cell wall extractives have also been reported to
enhance modulus (Golpayegani et al. 2012), hardness (Tze
et al. 2007), dimensional stability (Kuo and Arganbright
1980) and softening temperature (Song et al. 2014) of the
wood cell wall.

Higher saturation of moisture content was also observed
in the water-immersed specimens (Fig. 7a—d). Grigsby
et al. (2013) reported that the majority of bound water was
distributed in pore networks having pore sizes of less than
50 nm within the wood cell wall. Extractives have been
suggested to deposit in the matrix and pore of the wood cell
wall (Song et al. 2014; Yin et al. 2015). It is expected that
during water immersion, water-soluble extractives are dis-
solved away and are replaced by water molecules. In addi-
tion, Mantanis et al. (1994) found an increase in maximum
swelling of wood in water after the removal of extractives.

The values of specific gravity in the water saturated
moisture content of rubberwood specimens, both fresh and

Drying time (h)

water-immersed, are shown in Fig. 8a, b. Specific gravity
slightly increases with height. At the bottom section of h,
specific gravity first increases in the radial direction up to
~100 mm from the pith before decreasing to the outside
bark. The values of specific gravity are roughly constant
at the top of section h,. Since the restoring force profiles
are relatively insensitive to height (Fig. 3a—c), variation in
specific gravity within tree trunk (0.62+0.05-0.69+0.03)
should therefore have little influence on the internal stress
generated during drying. Furthermore, an approximately
equal reduction of 8.4+0.9% in specific gravity after water
immersion is observed at all examined locations within
the tree trunk. An apparent reduction in specific gravity
observed in the water-immersed specimens should roughly
reflect the total loss of water-soluble extractives both within
cell cavities and cell walls during water immersion. Severo
et al. (2013) also reported an equal content of total extrac-
tives at 7.7% found in both the juvenile and the mature sec-
tions of rubber tree trunks.

The fact that stress reversal took place for a longer time
in the r; specimens near the pith compared to those of the
r, and r; specimens further away suggests that the water-
soluble extractives within the cell walls should be higher in
the inner juvenile r; specimens. During the sapwood—heart-
wood transition, more extractives are deposited in the wood
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Fig. 8 Radial variation of specific gravity measured at dried con-
dition of the fresh and the water immersed specimens prepared
from rubber tree trunks at heights of a i, (1.0+0.5 m) and b h,
(4.0+0.5 m) above ground

cell walls while the composition of the main components
of cell walls remains almost unaltered (Song et al. 2014).
The extractives have been suggested to be deposited in the
mesopores of heartwood cell walls (Yin et al. 2015). An
examination of the types and amounts of extractives within
cell walls is a subject for future work.

3.3.2 Role of main amorphous cell wall constituents

The first negative maximum, which was still observed
after immersion of the specimens in water, should be
associated with the creep behavior of the main cell wall
amorphous constituents. Apart from being adsorbed in
the amorphous hemicellulose, a large fraction of water
molecules has been suggested to be adsorbed at the inter-
face between the crystalline cellulose and amorphous
hemicellulose within the cell wall. Water molecules
adsorbed on the interface push away polymer chains,
forcing the two phases to separate and cause break-
ing of hydrogen bonds. At high moisture content, water
is adsorbed preferentially at the interface; this leads to
additional swelling and porosity increase at the interface
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(Kulasinski et al. 2015). During water immersion, more
water molecules could be adsorbed into the cell walls
which should additionally contribute to an increase in
the values of saturated moisture content observed in the
water-immersed specimens.

It is emphasized that detailed studies on the roles of cell
wall extractives and cell wall amorphous constituents on
the movement of bound water and creep properties which
are underlying mechanisms of the generation of internal
stress during drying should be explored in the future.

4 Conclusion
The following conclusions can be drawn from this work:

1. The measured restoring force profiles, representing the
internal drying stress within the lumber during drying,
change along the radial direction of rubber tree trunk.
A longer time of stress reversal has been observed in
the inner juvenile wood zone compared to the outer
mature wood zone. While having a similar drying rate
at the early stage of drying, the juvenile wood speci-
mens dried at a slower rate than the mature wood spec-
imens in the second drying stage during the time of
stress reversal.

2. During stress reversal, there appear to be two negative
force maxima which attribute to the creep responses
during drying of the main amorphous constituents
and the extractives within the cell walls, respectively.
The second negative maximum gradually disappeared
upon water immersion of the specimens. In these spec-
imens, faster stress reversal and higher drying rate in
the second drying stage have been observed compared
to the fresh specimens. The force profiles of the water-
immersed specimens seem to be insensitive to loca-
tions within the tree trunk.

3. The results from this work suggest that variability of
the internal stress within the rubber tree trunk origi-
nates from the roles of cell wall extractives and cell
wall amorphous constituents on the movement of
bound water out of lumber and on the creep properties
during drying which needs to be further explored in the
future.
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Effect of Cell Wall Constituents On Internal Stress Generation
During Drying of Lumber Prepared From Rubber Tree Trunks
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@ Materials Science and Engineering, School of Engineering and Resources,
Walailak University, Thasala district, Nakhon Si Thammarat 80160, Thailand
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Keywords: Internal Stress, Drying, Cell Wall Constituents, Rubberwood

The objective of this research is to study effect of extractives and amorphous cell wall
constituents on the internal stress profile of lumber prepared from different locations
(radius from pith and height from ground) of rubber tree trunks. All specimens prepared
from two rubber trees were impregnated with water to attain saturated moisture content
prior to testing. Assessment of the internal stress development within the lumber during
the drying was monitored in real-time using a restoring force measurement on half-split
specimens. The corresponding drying curve was at the same time monitored by
periodically weighting two pieces of lumber placed inside the lumber stack in the
drying kiln. Drying condition at dry-bulb and wet-bulb temperatures of 90°C and 60°C
was used throughout this work. It was shown that the generated internal stress appear to
be largely unrelated to the height of the rubber trees. Time required for stress reversal
to take place was found to be shorter for the lumber prepared from outer with respect to
inner sections of the trunk. However, minimum and maximum forces detected were
relatively insensitive to locations of lumber within the trunk. There are two negative
force maxima which could attribute to the creep responses during drying of the main
amorphous constituents and the extractives within the cell walls, respectively. The
second negative maximum gradually disappeared upon water immersion of the
specimens. In these specimens, faster stress reversal and higher drying rate in the
second drying stage have been observed with respect to the fresh specimens. The force
profiles of the water-immersed specimens seem to be insensitive to locations within the
tree trunk. The results suggest that the presence of cell wall extractives should retard
creep deformation and slow down diffusion of bound water within the cell walls. On
the other hand, a large fraction of water molecules suggested to be adsorbed at the
interface between the crystailine cellulose and amorphous hemicellulose within the cell
wall should accelerate creep deformation and speed up diffusion of the bound water.
For a practical point of view, it is suggested that there is no need for rubberwood
lumber classification for drying because the minimum force (indicating the risk of
surface checking) and the maximum force (indicating the risk of internal checking)
were observed to be insensitive to wood locations within the trunk.
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Design and Construction of a Restoring Force Measuring Apparatus
for Assessment of Internal Stress Within Kiln-dried Lumber
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* Materials Science and Engineering, School of Engineering and Resources,
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St Thammarat 80140, Thailand
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Keywords: Residual stress, Kiln-dried lumber, Stress measurement, Apparatus

A new approach of a restoring force measurement technique on “half-split” specimens
has been proposed to dircctly assess the level of internal stress within kiln-dried
lumber. The equipment consists mainly of a relatively stiff steel frame, two clamping
jigs and a load cell. One jig is fixed to the steel frame and another is attached to a steel
rod connected to the load cell. While being clamped to the frame, the specimen is half-
split at half the thickness for a required length. The restoring force can be then
measured online both in a single sawing mode at a particular half-split length and a
multiple sawing mode at various half-split lengths. Screw contact area of 24 mm® with

An optimal applied torque on each screw of 2-3 N-m is suitable to hold the specimen to
the apparatus. Cracks could be developed in the specimen if the screw contact area is
too small or the applied torque is too high. The magnitude of the restoring force is
proportional to length of the specimen. For the 30 mm thick specimen, the measured
restoring force at a particular half-split length is constant if the remaming unsplit length
of the lumber is greater than 25 mm. The measured restoring force dramatically
decreases below this value, Both distance and angular deviations of cutting away from
the half-split line reduce the measured restoring force value. By keeping the distance
deviation away from the half-split line to within 1 mm, an error resulting in a reduction
in the measured restoring force is less than 5%. The proposcd restoring force measuring
apparatus together with a suitable set up of the half-split specimen is proved to provide
a repeatable measurement of the restoring force of the kiln-dried lumber at various half-
split lengths. Interpretation of the restoring force in term of internal stress will be
performed in the future work.
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Without an online tool to control quality of lumber during drying, the kiln
opel‘ator' is forced to employ a conservative drying schedule which could unnecessarily
prolong the drying time and consume more energy. An attempt to reduce the drying
time and energy by simply accelerating the drying rate might easily lead to a formation
of several defects. Such drying defects mainly arise as a result of the internal stress (IS)
built up within the lumber during drying. A new restoring force (RF) technique capable
of real-time monitoring IS behavior during drying is presented. Analytical and
numerical models have been developed to directly relate the measured RF to the
magnitude of IS. In parallel, a semi-automatic kiln control system, DryWooD, has been
developed for an effective control of drying in the lumber industry. The system,
connected using wire-less links, consists of up to 10 kiln control units, a
microcontroller and a control software package. The system has been successfully
installed and routinely used in two rubberwood sawmills.

In this talk, the effect of several conventional drying strategies on the
development of IS will be discussed and the possible application of the measured RF as
a controlling parameter in the drying of rubberwood lumber will be demonstrated.
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Abstract:

A wood drying controlled system based on real-time internal stress information obtained from the restoring force
{(RF) measurement has been developed. The system is capable of controlling the RF magnitude at a set value
during a first stage of drying before stress reversal. For a constant dry-bulb temperature drying of rubberwood
lumber at 90°C, a schedule of wet-bulb temperature is automatically adjusted by the predetermined RF pattern.
Vents are opened or closed if the RF magnitude is smaller or greater, respectively, than its set value and if
necessary steam is introduced to increase humidity inside the drying kiln. After stress reversal, the lumber is
dried under relatively severe drying condition at wet-bulb temperature of 40°C to accelerate the drying rate. It
was observed that the maximum RF value in this second stage of drying strongly correlates with the average rate
of RF developing to reach the set RF value during the first stage of drying. By controlling the maximum
magnitude and the rate of RF prior to the stress reversal, both surface and internal checking, respectively, could
be avoided and the lumber could be dried at the highest possible drying rate without causing these drying
defects.
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Effect of pre-drying on development of internal stress within rubberwood lumber during drying

-
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Abstract:

A restoring force measurement on a half-split specimen has been performed to investigate the effect of pre-
drying on internal stress development within the 30 mm thick rubberwood lumber during Kiln drying. Pre-drying
was performed in a controlled chamber at dry-bulb temperature of 30°C and 80% RH until the restoring force
reached the negative maximum or the stress reversal (zero force) values. A single-step drying schedule at dry-
bulb temperature of 90° C and 26% RH was then employed to dry the lumber. The results revealed that the
maximum negative force generated during pre-drying at low temperature is lower than that generated during the
drying of lumber at high temperature. Longer pre-drying periods appear to reduce both the maximum negative
and the maximum positive forces generated before and after stress reversal, respectively during the drying at
high temperature. Pre-drying of lumber therefore, apart from reducing the lumber moisture content, also reduces
risks of both surface and internal checking during the kiln drying of lumber at high temperature.
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[1. Introduction }

Problems: The drying process always creates internal stress within lumber
that continues to exist, even after the lumber is dried. Due to difficulties in
determining modulus of elasticity (MOE) of wood, only strain or deflection
profiles caused by relaxation of internal stress are normally evaluated for
industrial kiln-dried lumber.
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Fig.1 Moisture and internal stress profiles within kiln-dried lumber together with
three traditional stress assessment techniques commonly employed in industries.

Objectives: We propose a new technique to directly assess the level of
internal stress within the lumber without prior knowledge of the MOE of wood.

[2. Design of the Restoring Force Measuring Device }

New concept: A restoring force required to restrain a half-split specimen to an

initial configuration prior to sawing is measured. The sign and level of the

measured force reflect type and magnitude of the internal stress within lumber.
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Fig.2 Design concept of the restoring force measurement for an assessment of stress within lumber.

Apparatus: The equipment consists of a stiff steel frame, clamping jigs and a
load cell. One jig is fixed to the steel frame and another is connected to the
load cell. While being clamped to the frame, the specimen is half-split at half
the thickness for a required length. The net force generated as a result of
internal stress relaxation is transferred to the load cell.

Fig.3 (a) Diagram of the restoring force measuring apparatus and photographs of the specimen
installed in the device (b) before, (c) during and (d) after half-split sawing using a band saw.

Force profile: The restoring force abruptly increases and reaches the
maximum value then gradually decreases with increasing half-split length.
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Fig.4 Evolution of the detected force on the load cell during half-split sawing at 5 mm intervals.
Some values of the derived restoring force are indicated in the graphs.
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[3. Results and discussion }

Analytical Model: Within a flexural response regime, an elastic cantilever

beam theory has been developed to describe the restoring force behavior
and to directly deduce the magnitude of the internal stress.
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Fig.5 (a) Beam model of the half-split specimen, (b) determination of the magnitude of the internal
stress and (c) the fitted and experimental restoring force profiles.

Numerical Model: Outside the flexural response regime, 3D finite element

analysis has been employed to simulate the measured restoring force and to
determine the shape factor, S.
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Fig.6 Contour plots of the predicted transverse internal stress of (a) the initial specimen
and the half-split specimen (b) without restraining and (c) with the restoring force and (d)
the simulated (lines) and measured (symbols) restoring force profiles.

Validation: The derived magnitudes of internal stress are in good agreement
with the ones obtained from the conventional slice test.
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Fig.7 (a) Specimens for the restoring force and the slice tests and (b) distributions of the
internal stresses obtained from the slice test (symbols) and the restoring force test (lines).

Industrial applications: The restoring force-internal stress chart has been
proposed for a practical use in the lumber industry.
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Fig.8 A demonstration has been carried out to follow stress relaxation (a) during conditioning
and (b) during storage of industrial kiln-dried rubberwood lumber.

[4. Conclusions and future works }

The restoring force measurement on a half-split specimen has good potential
to replace the three conventional techniques for a reliable and meaningful
assessment of drying stress within industrial kiln-dried lumber. Ongoing

research focuses on determining the shape factor S for various sizes of
commercial kiln-dried lumber.

References:

1. Jantawee S, Leelatanon S, Diawanich P, Matan N (2016) A new assessment of internal stress within kiln-dried lumber
using a restoring force technique on a half-split specimen. Wood Science and Technology 50:1277-1292.

2. Jantawee S, Leelatanon S, Diawanich P, Vannarat S, Matan N (2016) Comparison of techniques for quantification of
internal stress within industrial kiln-dried lumber. European Journal of Wood and Wood Products (submitted).



	00-Cover-RSA58
	00-Front-RSA58
	Abstract
	ระยะเวลาทำการวิจัย 3 ปี ตั้งแต่ 1 กรกฎาคม 2558 ถึง 30 มิถุนายน 2561

	สารบัญ
	กิตติกรรมประกาศ           iii
	บทสรุปสำหรับผู้บริหาร          vi
	สารบัญ            viii
	Chapter 9 Outputs from this project       9 (2)


	01-Chapter 1
	References

	02-Chapter 2
	References

	03-Chapter 3
	3.2.1 Design of restoring force measuring apparatus

	04-Chapter 4
	05-Chapter 5
	06-Chapter 6
	07-Chapter 7
	7.3.2 Assessment of internal stress in industrial rubberwood kiln dried lumber
	7.3.3 Finite Element (FE) analysis of the restrained half-split specimen

	08-Chapter 8
	09-Chapter 9
	10-Appendix
	10-Appendix-1
	A1-Jantawee-2016
	A new assessment of internal stress within kiln-dried lumber using a restoring force technique on a half-split specimen
	Abstract
	Introduction
	Materials and methods
	Design of restoring force measuring apparatus
	Restoring force and slice test measurements
	Internal stress relaxation of kiln-dried rubberwood lumber

	Results and discussion
	Restoring force measurement on half-split specimens
	Estimation of the internal stress
	Validation of sigma m derived from the restoring force technique
	The restoring force--internal stress chart

	Conclusion
	Acknowledgments
	References


	10-Appendix-2
	A2-Jantawee-2018
	02-10.1007_s00107-017-1243-2
	02-10.1007_s00107-018-1285-0
	Correction to: Comparison of techniques for quantification of internal stress within industrial kiln-dried timber
	Correction to: Eur. J. Wood Prod. https:doi.org10.1007s00107-017-1243-2



	10-Appendix-3
	A3-Tomad-2018
	10-Appendix-4
	A4-inter-conf
	Jaipet and Sataporn
	อ.สถาพร,อ.สัจจพันธ์
	MSAT-9-invited-Abstract
	Papers-Conf-NM

	10-Appendix-5
	A5-Poster-TRF-14-01-2017-A4




