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Part 1 Physical Properties of
Wood

Typical Shrinkage Values for “Normal” Wood




Wood Density

TAn important indicator of other wood
properties:
+Strength & stiffness
+Thermal conductivity
+Shrinkage/swelling
+Paint adhesion
+Glue adhesion
+Drying



Definition of Density

M
U T Units:

V ¥ pounds per cubic foot (Ib/ft)
+ grams per cubic centimetre
3
T density (Q’Cm) |
+ m: T kilograms per cubic metre
m: mass (kg/m?)

T V: volume of the piece of
wood used In its
determination

T 1 Ib/ft3 816 kg/m?3



Wood Density

. m oven-drymass
° V. ovendrwolume
;o m air -drymass
* V. air-drywolume
;Mg gree(saturateyhass
g

V, gree(saturatepyolume
;o m, oven-drymass
"V,  greefsaturateflolume

Oven-dry, air-dry, green and bulk density. °



Definition of Specific Gravity
(Relative Density)

T In general terms, the ratio of the density (relative
density) of a substance to that of water at the same
temperature.

T In wood science,

Densityof wood( OD masg/olumataMC
Densityof water Densityof water

SG

T Specific gravity is always based on mass when oven-dry
(OD), but volume can be at any given MC, e.g. green,
oven dry or at any moisture content



Basic Specific Gravity

TUses green volume basis. This is the
most common value computed for wood,
especially for research purposes.

m,

SG Yy
lv(ater




Oven-dry Specific Gravity

TBased on the oven-dry volume. It has
application in computing the thermal
diffusivity properties of wood and
controlling quality of many wood products.




Air Dry or Nominal Specific Gravity

tBased on air-dry (12% MC) volume. Itis
used as the basis for determining strength
properties of wood.




Basic SG of some hardwoods

Species Specific Gravity (12%)
white ash 0.63
aspen 0.41
basswood 0.38
yellow birch 0.66
hickory 0.77
sugar maple 0.66
red oak 0.65
white oak 0.72
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Basic SG of some softwoods

Species Specific Gravity (12%)
eastern white cedar 0.34
balsam fir 0.37
eastern hemlock 0.42
eastern white pine 0.37
jack pine 0.45
red pine 0.46
black spruce 0.43
red spruce 0.42
white spruce 0.37
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Measurement of Specific Gravity

TASTM D 2395+ 36WDQGDUG 7HYV
for Specific Gravity of Wood and Wood-
%%$DVHG ODWHULDOV"’

Mass
W
t

Max. buoyancy 1000 kg

Density of water at 20° C=1000 kg/m3
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Measurement of dimensions

T Direct measurement of dimensions
+ For regular shape

t Immersion method
+ For irregular shape
+ Buoyancy weight of a specimen, more accurate
+ Dry specimen coated with wax

ORIGINAL
WATER LEVEL

pointed rod

container || water weights
waobd

Diagrammatic sketch of apparatus used to measure volume of specimens

Measuring Volume of Elongated Specimens Using a
Graduated Tube by Test Method B (Mode 1V)

(Source: ASTM D 239434) 13




POROSITY / VOID VOLUME

Void spaces in wood include cell lumens, pit
openings, pit cavities, and intercellular spaces.

. S ,
Porosity= (1- Gven )" 100
1.50

Cocobolo (South America) Kapur (Southwest Asia) y



Estimation of SG at a given MC

Wood moisture content must be stated when
referring to either density or specific gravity

SGk — Ggreen
I SG;: SG at X% moisture content

FSGeen  SG at green condition

IS, Volumetric shrinkage from green to X%
moisture content
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Effect of Specific Gravity on
Mechanical Properties

(e -]
A

(<2}
A

Strength of Wood (1000 psi)

L) L J 1}
0.30 0.40 0.50 0.60
Specific Gravity
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WATER AND WOOD

T Wood is a hygroscopic material
T Physical and mechanical properties are greatly
Influenced by the amount of water present
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Moisture Content

Moisture content (MC) Is the mass of water
contained in the wood, usually expressed as a
percentage:

MC (%) mass of water in wood 100
mass of ovendry wood

MC (%) VV'WV\é uloo0 % §u100
0 ©

where W: initial mass of a wood block

W, : ovendried mass of the wood bilc
18



Measurement of Moisture Content

t+ Oven-dry method
+ Oven temperature: 103+ 2°C
+ Accurate
T Electrical resistance method
+ Good for field measurement
+ Species and temperature dependent
+Only works well between 6% and FSP (i.e.
28%)
+ Not very accurate (measurement error 3-5%)
T Distillation method
+ Measurement of moisture driven off
+ Good for wood with high extractive content
+ More accurate than oven-dry method
+ Delicate apparatus required
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Electrical Resistance Method

Area includes
90% of U.S. species

Logarithm of electrical resistance (MQ)

8 12 16 20 24

Percent moisture content
(Source: Glass and Zelinka 2010)




Measurement of Moisture Content

T Advanced production line methods

tInfrared/radio frequency/microwave (suitable
for high speed production)

tElectrical capacitance




L ocation of Water in Wood

A B
A
d‘kﬁ
R
FAY
Saturated
water vapor Water vapor in
equilibrium

with moisture
in the cell wall

Cell wall

saturated with

water
Cell wall
containing

Liquid water some water

X 2
(Source: Shmulsky & Jones 2011) o 5

&

A
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Water in a cell of green wood

1 In voids such as
cell lumens

¥ Within cell walls

Water in a cell of dry wood
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Nature of Water in Wood

1 Free water

+in voids such as lumens, pit openings, pit cavities,
and intercellular spaces

+ Influence weight only
T Bound water

+ held by physico-chemical forces (hydrogen bonds) in
cell wall

+ Influence most physical and mechanical properties
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In Softwood
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Fibre Saturation

Point (FSP)

+ The point at which all the
liquid water in the lumen has
been removed but the cell

wall 1s still saturated is
called FSP.

T This is a critical point since
below this most properties

of wood are altered by
changes in moisture
content.

+ MC at FSP is about 28%,
ranging from 25% to 30%

FSP
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Fig. 6.48. Effect of moisture content in the
hygroscopic range on mechanical properties
for pine wood (Pinus spylvestris L.).
From KOLLMANN (1944)



Factors influencing FSP

T Extractives such as resin, tannins,
and fatty acids
+ Chemical components
+ Cellulose: 40 - 50%
+ Hemicellulose: 20 - 30%
+Lignin: 15 - 40%
T Temperature
T «
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Fibre Saturation Point (FSP)

Fiber Saturation Point of Different Woods at Room Temperature

Fiber Saturation Fiber Saturation
Species Point, % Species Point, %

Ash, white 24.0 Pine, klinki 32.5
Basswood 32.0 loblolly 21.0
Birch, yellow 27.0 longleaf 25.5
Cedar, Alaska 28.5 red 24.0

western red 22.0 slash 29.0
Douglas-fir 26.0 shortleaf 30.0
Eucalyptus 30.0 Redwood 22.5
Fir, red 30.0 Spruce, Sitka 28.5
Hemlock, western 28.0 red 27.0
Larch, western 28.0 white 30.0
Mahogany 24.0 Tamarack 24.0
Oak, white 325 Teak 22.0

swamp 31.0 Yellow poplar 31.5




Equilibrium Moisture Content (EMC)

T Wood is a hygroscopic material, which
constantly exchanges moisture with its
surrounding atmosphere even in an equilibrium
system. This depends on the surrounding

DWPRVSKHUHYYV PRLVWXUH FDU
proportional to its temperature and relative
humidity.

T The MC at which water transfers in and out of
wood equal to each other ie there is no net
change in MC, is known as equilibrium moisture
content (EMC).

T EMC is affected by temperature, RH and to a
less degree on species.
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Estimation of EMC for solid
wood

emc (%) _ b800| Kh  KiKh+ 2KKK'H
W [1-Kh 1+ KKh+ KKK W

where h is relative humidity (%/100, if 20% RH h=0.2)

For temperature 7 in °C,
W=349 + 1.29T+ 0.013572
K =0.805+0.000736T — 0.0000027372
K, =6.27-0.009387 - 0.0003037>
K, =191+ 0.0407T7 — 0.00029372

For temperature 7 in °F,
W=330+0.452T + 0.0041572
K=0.791 4+ 0.0004637 — 0.000000844 7~
K, =6.34+0.000775T — 0.000093572

K,=1.09+ 0.0284T — 0.0000904 72 29



EMC vs RH (Wood)

EMC (%)

25

20

0.2

| |

0.4 0.6
Relative Humidity

0.8
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==20C
==30C
=40 C
==50C
=60 C
==70C
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EMC of Forest Products

TABLE 7.3. EMC of typical forest products at 21°C (70°F).

Moisture content (%)

Relative Softwood Oil-treated High-pressure
humidity (%) Wood plywood Particleboard hardboard laminate
30 6.0 6.0 6.6 4.0 3.0

42 8.0 7.0 7.5 4.6 3.3

65 12.0 11.0 9.3 6.9 5.1

80 16.1 15.0 11.6 9.5 6.6

90 20.6 19.0 16.6 10.8 9.1

Source: Heebink (1966).

¥ EMC of wood products is slightly lower than the raw wood from which
they are produced

+ Application of resins, coatings and sizing materials
+ Effect of heat treatment
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Shrinkage and Swelling

TWood begins to shrink as it dries below the
FSP, and continues to shrink until MC = 0.

TWood swells as it absorbs moisture until
MC = FSP. No further swelling occurs if MC
> FSP.
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Calculation of Shrinkage

In wood science

Shrinkag€(%) decrease in dimension 100

green( saturateyl dimension

e — e —
- L ,
~ : | I l, |,
l, | : Sh(%) — ul00 uLO(

e | £ lo
g A )

N Y

! A

Generally Original di _ Final di .
Shrinkage(%): rginal dimension - rina ImenSIOnlOO

Original dimension
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Calculation of Swelling

In wood science

Swelllng(%) :mcrease INn dlmensmr&loc

ovendried dimension

— S — - ———

DY '
Dl sw() —2 w00 2% o
== 3 %
" -
N
a,
Generally

Final dimension - Original dimension

Swelling(%) = — _ _ ul0C
Original dimension
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Typical Shrinkage Values for “Normal™ Wood

Anisotropy in Wood: direction-dependent."Generally assumed to be orthotropic in
R, T and L directions) 35



Shrinkage values of wood from green to

oven-dry moisture content

TABLE 7.5. Shrinkage values of wood from green to oven-dry MC.

Shrinkage* (%)

Species Radial Tangential Volumetric
Domestic hardwoods
White ash 4.9 7.8 13.3
Quaking aspen 3.5 6.7 1.5
Yellow birch 7.3 9.5 16.8
American elm 4.2 9.5 14.6
Sugar maple 4.8 9.9 14.7
Northern red oak 4.0 8.6 13.7
Black walnut 5.5 7.8 12.8
Imported hardwoods
Apitong 5.2 10.9 —
Balsa 3.0 7.6 —
Mahogany 3.0 4.1 —
Teak 2.5 5.8 —
Khaya (African mahogany) 2.5 4.5 —
Softwoods
Western red cedar 2.4 5.0 6.8
Coast Douglas fir 4.8 7.6 12.4
White fir 3.3 7.0 9.8
Western hemlock 4.2 7.8 12.4
Loblolly pine 4.8 7.4 12.3
Sitka spruce 4.3 7.8 11.5

*% Shrinkage = change in dimension/green dimension x 100.

Source: United States Forest Products Laboratory (USFPL) (1999).
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Shrinkage difference in 3
directions

1 Values of wood from FSP to 5
oven-dry condition £
+ Longitudinal shrinkage (S,): 0.1- Eﬂ,
0.2% o _ E"ID- Volumetric,
I glfr%“c?slglse for most practical : o Sy o S+ Sp+ 5,
+ Radial shrinkage (Sg): 2-8% g : Ta“ﬂ*—'"":'-
+ Tangential shrinkage (S;) : 6- 2 o / ’
13% : s{_ R d"il'"
+ Volumetric: S,, 8S; + S; 3 4_%; 5
é . M‘\\\\H |
E N Longitudinal, 5, \%""-.'.-.

(=]

¥
5 10 15 0 25 30

Moisture content, MC | percent 37

Moisture content vs. shrinkage in Douglas-fir



Estimation of shrinkage at a given

MC
aFSP MC ©
e  FSp 1

Sy Is the shrinkage from the green (FSP)
condition to the MC of interest;

IS, Is the total shrinkage from the green to
oven-dry condition.
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Differential Shrinkage

_ A. Why does this piece
T Reflection of warp this way after drying?

anisotropic nature of
wood

T Causing distortion in
boards and lumber

B. Why do the 4 sides of .'

this piece remain squargure 4-3. Characteristic shrinkage and distortion of
TR flat, square, and round pieces as affected by direction
after drylng ) of growth rings. Tangential shrinkage is about twice

as great as radial. (Source: Wood Handbook 2010) 39



Point of greatest
deflection __
./

Point of greatest
deflection

Oval Diamond

Figure 13-13. Various types of warp that can develop
in boards during drying. (Source: Wood Handbook 2010)

Warp
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Thermal Conductivity

T Thermal conductivity (K) Is a measure of the
rate of heat flow through a material due to a
temperature gradient

T K parallel to grain is about 2 +2.8 time that in
perpendicular to grain direction

T K in transverse direction (perpendicular to grain)

IS related to SG and MC

K=SG,, (1.39+ C W) + 0.165, Btu/ (h.ft>.° F) perinch
where C = 0.028 for M < 40%
IRU 0O -
M=MCin%

SG,, = SG based on OD mass and volume at M
41




Thermal conductivity of selected

SpPecles
Table 4-7. Thermal conductivity of selected hardwoods and softwoods®—con.
Conductivity Resistivity
Specific Wm'K' Btuin. h ' ff*°F ")) (Km W' (h f*°F Btu ' in. "))
Species gravity Ovendry 12% MC Ovendry 12% MC
Softwoods
Baldcypress 0.47 0.11 (0.76) 0.13 (0.92) 9.1 (1.3) 7.5 (1.1)
Cedar
Atlantic white 0.34 0.085 (0.59) 0.10 (0.70) 12 (1.7) 9.9 (1.4)
Eastern red 0.48 0.11 (0.77) 0.14 (0.94) 8.9 (1.3) 7.4 (1.1)
Northern white 0.31 0.079 (0.55) 0.094 (0.65) 13 (1.8) 11 (1.5)
Port-Orford 0.43 0.10 (0.71) 0.12 (0.85) 9.8 (1.4) 8.1(1.2)
Western red 0.33 0.083 (0.57)  0.10 (0.68) 12 (1.7) 10 (1.5)
Yellow 0.46 0.11 (0.75) 0.13 (0.90) 9.3 (1.3) 7.7 (1.1)
Douglas-fir
Coast 0.51 0.12 (0.82) 0.14 (0.99) 8.5(1.2) 7.0 (1.0)
[nterior north 0.50 0.12 (0.80) 0.14 (0.97) 8.6 (1.2) 7.1 (1.0)
Interior west 0.52 0.12 (0.83) 0.14 (1.0) 8.4 (1.2) 6.9 1.0)

(Source: Wood Handbook 2010)
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Thermal Conductivity

:

T Thermal resistance,
R = 1/K per inch
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Thermal Expansion

fThermal expansion ¢ = H(_L]
~ C— . . 0 \AT
where U “= change in dimension
07 FKDQJH LQ WHPSHUDWXU
C= original dimension
f ,Q 5DQG 7 GLUHFWLRQV
SGqp
r= (18 XSGy +5.5) 10 per° F
1= (18 x SGp, + 10.2) 106 per ° F
I .LVLQGHSHQGHQW RI 6*
L=17 £25x10%per° F
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Thermal Expansion

1 To convert from Imperial to Metric units,
multiplied by 1.8 I.e. per ° C

T Thermal expansion of other materials:

Steel : 3 times

Concrete : 2 times

T Thermal expansion of wood containing
moisture Is insignificant because It Iis offset
by the shrinkage due to loss of moisture
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Combustion of wood

Tlgnition temperature of wood is 275° C

tSpeed of ignition depends on: 1) Size of
wood; 2) Rate of heat loss from surface; 3) Rate
of supply of heat to surface

T Heat of combustion (H) is defined as Btu
produced by burning 1 pound of material
+For OD wood, H = 8500 9000 Btu

+ Heat value is reduced by any presence of moisture in
wood

Btu per pound of wood with moisture=H" 100- (M/7)

100+ M
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Part 2 Mechanical Properties of
Wood




Mechanical properties

tBehaviour of wood under different types of
stress

TMethods of measurement for small clear
wood

T Factors influencing mechanical properties of
wood
+Environmental (e.g. moisture, temperature)
+Growth features (e.g. grain, knots, density)
+l ong-term loading

T Modification factors used in design "



What are mechanical properties?

T Strength : the ability of a material to resist
applied loads or forces without failure.

T Resistance to deformation (stiffness): change in
dimension of a material when subjected to an
applied load.
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Comparison of wood with other

materials
Material Density MOE Tensile strength
(kg/m 3) (GPa) (MPa)
Wood 500 12 80
Mild steel 7800 200 400
Aluminum 2700 70 200
Concrete 2300 35 3




Ratio of AstrengthAdo density

Material MOE / density Tensile Compressive
strength / strength /
density density
Wood 20-30 120-170 60-90
Mild steel 26 30 30
Aluminum 25 180 130
Concrete 15 3 30
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Orthotropic model of a clear wood
block




Bending

Types of loading

Compression Tensile
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Mechanical Properties

T Orthotropic xproperties being directionally
dependent

J%&@@oﬂ / E, tEgR:E; 8
%?{// :GZtR :G,1 : Gyt 8

?/fﬁ Tangential
E+<RXQJYV PRGHRaarXV * +
Longitudinal modulus

T For practical purpose, assume two principal

directions:

T Parallel to grain (Longitudinal)
T Perpendicular to grain (Tangential and Radial)



Mechanical Properties

T Elastic properties

+ Modulus of elasticity (E): resistance to deformation caused by axial
stress

+ Modulus of rigidity (G): resistance to deformation caused by shear
stress

FCommon strength properties

+ Modulus of rupture (MOR): strength of a member in bending
(extreme fibre stress in tension or compression)

+ Compressive strength: parallel & perpendicular to grain
+ Tensile strength: parallel & perpendicular to grain

+ Shear strength: parallel to grain and through-thickness (rolling
shear)

Strong in parallel-to-grain direction
Weak in perpendicular-to-grain direction




Strength of wood depends on

loading direction relative to grain
Q—STRONGEST-——D

TParallelto-grain
VW UH Q J\eKp-§
to-grain strength |

Wood Cell

SLOPE OF

FORCE AT ANGLE
TO GRAIN

RELATIVE |

JL 45° Il
ANGLE TO GRAIN




+DONLQVRQYIV IRUPXOD

Strength at angle, P w0
_ PP
pq — /1

P,sin"g+P. cos g -

where B and B, are strength parallel
and perpendicular to grain respectively, ne

IS dependent on property E
©
Property n Pd Py
Tension 1.5-2.0 0.04 - 0.07
Compression | 2.0-2.5 0.03 - 0.40 ®
MOR 1.5-2.0 0.04 - 0.10
MOE 2.0 0.04 - 0.12 o . . & o

Angle DeTwesn specimen axis  8nd  Qrain  dinection



Compression

TPerpto-grain is about
10%-20% that of par-
to-grain strength

Load
Par

Perp

Deformation

COMPRESSION |

Wood Cell




Tension

tPerpto-grain strength is
only about 5% that of
parto-grain

Load
Par

Perp

Deformation

TENSION [I

Wood Cell




Shear parallel to grain (longitudinal
shear)

TNot as affected by
knot for tension anc
compression

HProperty could be
enhanced by knots o

Hnitial crack and S woopcau
splitting are weakness




Bending

TPotential failure modes:

tTension
TCompression BENDING
iShear s
tBearing | —
+One of these would| o
govern in practice WOOD CELL

tModulus of rupture
(MOR) is often used for
bending strength



Hooke Adllaw

Hooke's Law (cube being stretched)

| |dealized material
| Load /
|
P < : A__> - Stress
e s e o e
| L 1 /\L |
Load (P
St —
res< V) Area( A
Strain (0 Change in dimension{ / ‘

Original dimension (L) Deformation / Strain

Young's modulus (E)S[reSS .

Strain ( H) o2




Stress-strain response

T Shape of stress-strain
differs under different
loading

T 3 key parts: Elastic,
plastic and failure
+ Linear elasticity
+ Brittle and ductile failure

T HookeAdgllaw

+ Proportional limit

+ YoungAsimodulus (E) /
Modulus of elasticity (MOE)

Stress
&

e Tension
L ]

Proportional limit

Compression

Proportional lirit
[compression)

] Ll
Strain

Stress versus strain curves for wood loaded in
tension and compression
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Relative strength among species

TABLE 9.4. Average strength values at 12 percent MC for defect-free straight-
grained wood of selected species.

Compression
perpendicular to
Maximum grain at
crushing parallel  proportional
Bending MOR Bending MOE to grain limit
Species Avg. kPa Ratio* Avg. MPa Ratio Avg. kPa Ratio Avg. kPa Ratio
Hardwoods
Quaking aspen 58,000 1.00 8,100 1.00 29,300  1.00 2,600 1.00
Red alder 68,000 1.17 9,500 1.17 40,100 1.37 3,000 1.19
Yellow poplar 70,000  1.20 10,900  1.34 38,200 1.30 3,400 1.35
Southern red 75,000  1.30 10,300  1.26 42,000 1.43 6,000 2.35
oak
White ash 103,000  1.83 12,000 1.47 51,100 1.74 8,000 3.14
Sugar maple 109,000 [1.88] 12,600 1.55 54,000 1.84 10,100 3.67
Softwoods
Eastern white 59,000  1.00 8,500 1.00 33,100 1.07 3,000 1.07
pine
Engelmann 64,000 1.08 8,900 1.05 30,900 1.00 2,800  1.00
spruce
Ponderosa pine 65,000 1.09 8,900 1.04 36,700 1.19 4,000 1.41
White fir 68,000 1.14 10,300  1.20 40,000  1.30 83,7000 129
Radiata pine 80,700  1.37 10,200  1.20 41,900 1.36 4,200 1.50
Coastal Douglas 85,000  1.44 13,400  1.57 49,900 1.62 5,500 1.95
fir
Scots pine 89,000  1.51 10,000  1.18 47,400 1.53 4,800 1.71

Longleaf pine 100,000 |1.69 13,700 1.60 58,400 1.89 6,600 2.34

*Ratio of strength to weakest species in the group. (Source: Shmulsky & Jones 2011)
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Mechanical properties

TMethods of measurement for small clear
wood
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Test methods

1 Strength properties of various species are
determined through standardized tests of
small, clear (defect free) specimens at
various moisture conditions.

TLarge pieces, containing defects typical of
standard grades of lumber, are also tested
to develop strength data (full-size test).
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Compression parallel to grain

T Maximum
compressive strength

T Modulus of elasticity
T Proportional limit

Deformation
https://yvoutu.be/DFeHYFPEIVE
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https://youtu.be/DFeHYFPElvE

Fallure modes

m |
N

(a) (b) (c) (d) (e) (f)

Failure types of nonbuckling clear wood in compression parallel to grain: (a) crushing, (
wedge splitting, (c) shearing, (e) crushing and splitting, (f) brooming and end rolling.

(Source: Bodig & Jayne) 68



P (kN)

Load

70
60

50
40

30

Example: compression parallel to

s}
L __ult 3

14 , Py = 11.3x10° Ib

2 pl_ | P 14.2x10° Ib
0 : aly = 0.013 in
LD F
= B | sl = 0.023 in
o !
= 8 | Assume:

4 ! . 2

! A=(2)(2) = 4in
2 : A = 6in
(0] | =

O 0.0l 002 0.03
(in)

L 1 1 |

0 025 0.50 0.75

Displacement AL (mm)

1) Proportional limit

P, 11300
A 4
2825psi (19.48VIPa

2) Modulus of elasticity

P, 11300
I\/IOE:Splz A _ 4 _ 2825
. DIIOI 0.013 0.00217
16

=1300" 10° psi(8.963GPa)
3) Maximum compressive strength

P 14200

max

max A 4
3550psi (24.48VPa
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Compression perpendicular to grain
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https://youtu.be/yqAFSKlALwk

Fallure modes

(b)

Failure types of clear wood in compression perpendicular to grain: (a) crushing of an
earlywood zone, (b) shearing along a growth ring, (c) buckling of the growth rings.
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Shear parallel to grain
(Longitudinal shear)

T Shear strength

Load ‘

P
[ =Y
A

where A = shear
area

Deformation (Sliding)
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Fallure mode

During test After test
Load to ¥
tailure (P) b\ Fi 4
Stee! 4 Surface of shear failure

loading with an area (A)

Test
specimen

Steel
support
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Shear through-thickness (rolling
shear) properties of wood

Weakness between growth rings leads to a tendency for wood
layers to slide over one another under shear stress
Failure mode is for layers of wood to roll overolling shear

single layer
longitudinal ) ""R
A radial ’

\

single layer :

transversal

late wood early wood




Rolling shear failure in CLT

%bnder bending, failure could be rolling shear in a
cross layer

LLLLLEEL L

Rolling Shear failure




Measurement of rolling shear
properties

Steel plates |
Two-plate shear test method

Shear strength = (P, cos )/ bL
where b = width, L = length

"V Block j‘{i‘{ o
\"L.-—""-F- }
- Specim

Dial gage — |

&= Steel plates




Tension parallel to grain

T Tensile strength
+ Modulus of elasticity
T Proportional limit

Load D
Sy
Puts ..................
P
Py fom < %I ~pl
A
. MOE=-"
e

Deformation



Fallure mode

1 r
|
(c)

(d)

(a) (b)

Failure types of clear wood in tension parallel to grain: (a) splintering tension, (b) combi
tension and shear, (c) shear, (d) brittle tension.
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T Modulus of rupture
(MOR)

T Modulus of elasticity
(MOE)

https://youtu.b&nUpjeW8BT8
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https://www.youtube.com/watch?v=GnpjeW8BT8
https://youtu.be/GnUpjeW8BT8
https://youtu.be/GnUpjeW8BT8

Load-deflection response In
bending
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Bending properties of wood

P
1 P [ 1 |
A _ | O O
| L T A L3 | L3 | L3
e > b IF ’ll: :'L J'
Centre point loading Third point loading
MOR 3PmaX2L MOR Pmasz
2bh bh
P 3 P. 23U
_ MOE (—
MOE ( ')4bh3 ( .)108th

P/ U= slope of load-deformation line

P__. =load at failure
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Fallure mode

1. What causes each mode?

2. Which failure mode will
provide the lowest failure
load?

3. What failure mode may have
nonlinear response?

A

Load

(f)
Failure types of clear wood in bending with span parallel to
grain: (a) simple tension, (b) cross-grain tension, (c) :
splintering tension, (d) brash tension, (e) compression, (f) Deflection
horizontal shear.

\ 4

82



Tension perpendicular to
grain

T Tensile strength
T Radial/tangential

P
Y
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Strength Requirements vs. Use

TWhich strength property is important
depends upon the end application.



http://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwi2rr_g8pbQAhWQ8oMKHQkgDIYQjRwIBw&url=http://www.nztoday.net/news/articleView.html?idxno=3095&bvm=bv.137904068,d.amc&psig=AFQjCNHWN3CY1W0dTex75ON2pVNidQDH9Q&ust=1478616705395752

Wood Handbook - Mechanical
properties of wood

Table 5—4a. Mechanical properties of some commercially important woods grown in Canada and imported
into the United States (metric)®

Static bending

Compression  Compression Shear
Modulus of Modulus of parallel perpendicular  parallel
Common species Moisture  Specific rupture elasticity to grain to grain to grain
names content gravity (kPa) (MPa) (kPa) (kPa) (kPa)
Hardwoods
Aspen
Quaking Green 0.37 38,000 9,000 16,200 1,400 5,000
12% 68,000 11,200 36,300 3,500 6,800
Big-toothed Green 0.39 36,000 7,400 16,500 1,400 5,400
12% 66,000 8,700 32,800 3,200 7,600
Cottonwood
Balsam, poplar Green 037 34,000 7,900 14,600 1,200 4,600
12% 70,000 11,500 34,600 2,900 6,100
Black Green 0.30 28,000 6,700 12,800 700 3,900
12% 49,000 8,800 27,700 1,800 5,900
Eastern Green 0.35 32,000 6,000 13,600 1,400 5,300
12% 52,000 7,800 26,500 3,200 8,000

Small clear wood with straight grain
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Notes on interpreting test data from
literature

FSmall clear wood vs structural size lumber
1+ Moisture condition of wood

1Origin and growth conditions of trees =+
geographical locations

tGraded vs ungraded wood
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Mechanical properties

TFactors influencing mechanical properties
of wood
tEnvironmental (e.g. moisture, temperature)
+Growth features (e.g. grain, knots, density)
+L.ong-term loading
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Moisture content

A - Modulus of Rupture

B - Fiber stress at proportional limit
in static bending

C - Max. crushing strength parallel

o the gra T Fibre saturation point

D - Fiber stress at proportional limit .
pemendiculartzth': grain (FS P) IS MC above
which mechanical

properties are not

10000

{psd

Pounds per square inch

baee- affected by MC

o i T Slope - Similar among
l strength properties

4000 :‘

2000 - )
|
|

T T T 1 1 1 T T L] 1
0 5 10 15 2 25 I IH 40 $
Moisture Content (% of dry weigh



Adjustment factor (

.) of moisture

content for clear wood

Table 2.4 Average changes in mechanical prop-
erties of clear wood due to one percent
change in moisture content (based on
data of Bodig and Jayne (1982) and
Hoffmever (1995))

Property Change (%)
Compressive strength parallel 3
Compressive strength perpendicular 3.5
Shear strength parallel 3
Modulus of rupture parallel 4
Modulus of elasticity parallel 2
Tension strength parallel 2.5
Tension strength perpendicular 1.5

-+ + +H+ @+

R R)/R
'™

p |

P,: property aM, moisture
content
P,: property aM, moisture
content

(M: change in moisture
content, = {1,- M)>0

Assuming lineabetween 0
and 25%moisture content.

89



Estimation of Astrength Adf clear wood at
a given moisture content

12|v|§

Ry 22

R o
P, : property at M moisture content
P, : property atl2% moisture content
P, . property at green condition
M : moisture content in percentage
M, :aspecies dependent value which

slightly lower than FSP and is usuall
taken at25%
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Effect of temperature

T Mechanical properties
decrease when heated and
Increase when cooled

T Change is dependent on

MC of wood (note: when

Strength (percent

wood is heated MC

changes also)

0% MC

i B@IOW 1000 C the Change 0 -200 oo
IS reversible ie no
permanent change In
characteristics




Specific gravity and mechanical
properties

Strength of Wood (1000 psi)

10

[+ 4}
1

»
1

E=N

N

- Air Dry
-—Green &

0.30 0.40 0.50
Specific Gravity

0.60

T Mechanical properties
and Specific Gravity are
correlated

P=aG’
where

P: predicted property
G : specific gravity
a andb: constants dependent upon
property
T Relationship depends
on MC, properties and

SW/HW
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Wood Handbook

Table 5-11a. Functions relating mechanical properties to specific gravity of clear,
straight-grained wood (metric)

Specific gravity—strength relationship
Wood at 12%

Green wood moisture content

Property® Softwoods Hardwoods Softwoods Hardwoods
Static bending

MOR (kPa) 109,600 G'*' 118,700 G*'* 170,700 G'*' 171,300 G""

MOE (MPa) 16,100 G*7® 13,900 G** 20,500 G*** 16,500 G*’

WML (kJ m™) 147 G-+ 229 G-+ 179 G*>* 219 g+
Impact bending (N) 353 G 422 G'¥ 346 G 423 G
Compression parallel (kPa) 49,700 G*** 49,000 G'"' 93,700 G*?" 76,000 G**°
Compression perpendicular (kPa) 8,800 G 18,500 G*** 16,500 G'”7 21,600 G**
Shear parallel (kPa) 11,000 G*" 17,800 G'** 16,600 G** 21,900 G""
Tension perpendicular (kPa) 3,800 G*® 10,500 G 6,000 G"'" 10,100 G'°
Side hardness (N) 6,230 G 16,550 G**' 8,590 G'* 15,300 G*%°

*Compression parallel to grain is maximum crushing strength; compression perpendicular to grain is fiber stress
at proportional limit. MOR is modulus of rupture; MOE, modulus of elasticity; and WML, work to maximum
load. For green wood, use specific gravity based on ovendry weight and green volume; for dry wood, use
specific gravity based on ovendry weight and volume at 12% moisture content. Calculated using all data from
Table 5-3.
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Slope of grain (SoG) In
lumber product

Different cuts yield different figures

T SoG is one of the most important
growth features affecting
- \/#====  mechanical properties of lumber.

1 Arise from:

+ When lumber is sawn not following
— BN 1 the direction of the cell in the log
R - e + Cells are aligned in living tree in a
gazine o L TR spiral grain pattern

94
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Measurement of grain angle

Influence of grain angle on T Measurement of grain
strength properties ang|e in lumber

T Grain scribe
t Scanning machine

1 1 1 J
15° 30° a5° 80°
Angle between specimer axit 8nd grain  drection
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Slope of Grain

Slope of Grain St_rength/ .
(1in X) Straight grain
strength
0 100%
1in 20 93%
1in 10 81%
1in5 55%
1 I —
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+DOQNLQVRQYV IRU

t P : property when wood is loaded
I:)// P at an angle to the grain direction

o AN t P,: property when wood is loaded
P//Sln q+F cos q pgrallel to grain (=0°)

I P property when wood is loaded
perpendicular to grain €9(°)

P, I n: property-dependent constant

P

q

P Property n PJ P,
Tension 1.5-2.0 0.04-0.07
Compression | 2.0-2.5 0.03-0.40
MOR 1.5-2.0 0.04-0.10
MOE 2.0 0.04-0.12

v
-U
@)
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=l

Strength (MPa)

coB8885383383888

Example

Known:

Species: Douglas Fir

Parallel tensile strength = 87.6 MPa
Perpendicular tensile strength = 2 MPa

Question: Tensile strength at 45 degrees?

1 Solution: HankinsoAgiformula,
\“* let n=2
\
\ o - 0,0,
% N 0, sin*45+ 0 cos’45
.,
““—f—.__,_,_’l_’_’_’_’l_’_’ _ 876)(2 =39]MPa

=

20 40 B0 80 100 \/ N

2 2
Angle to grain 876)((2)2 +2x (2)2
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Knots

T Nature
+ Intergrown or tight
+ encased or loose

tShape
HRound
+Spike
+Oval

99



Knots

100
Source : Wood Handbook




Strength ratio concept

Strength of lumber with defects

Strength ratic= _ :
Strength of clear wood with straight gra

TForm the basis of visual grading rules

Select Structure grade
(67%)

_________________

Influence of edge knot on
strength ratio 101
Source : Wood Handbook



Creep and creep rupture of wood

TWood continues to deform under the
action of a constant sustained load =+
Creep

TWood subjected to a sustained load may
fail over time =Creep rupture (also known
as duration of load)
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Creep phenomenon

tCreep is increased
by fluctuating
moisture condition

tLong-term
deflection needs to
be accounted for
under dead load In
design
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Creep rupture

tWood can carry a higher load for a short
period of time than it can carry for a long
period of time

T Basis of duration of load effect factor in
design standards Is the Madison curve
developed at US Forest Products Lab



Applied load ratio

Madison curve

1h

14 - Groups of

lumber tested at

| 1 mth 1vr different load

Y Zyr levels relative to
: | : | . short-term

i i | i i strength

i ; | . - Load held

| i i i | constant until

| i | L failure

i i i i - Longest

i i i i i duration is 7

i i years

Time (h)



Typical load duration factors for

design

Standard
Term

Kp:

Short-term 1.15
Standard term 1.0
Long term 0.65
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Derivation of design properties

TDesign properties are derived based on
either
t+Testing (lumber, SCL, panels); or
+Calculation (wood I-joist, glulam, CLT)

T Strength design properties (e.g. MOR)
are based on 5 percentile with a 75
percent confidence

1 Stiffness design properties (e.g. MOE)
are based on mean value
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Derivation of design properties

t Mechanical properties of
wood products have high
variability zrelatively large
sample size is required
(>30)

T A statistical distribution is
fitted to test data (e.qg.
Welbull, Normal)

T Product B will have a
higher strength design
property than Product A (a
lower variability but similar
mean value)

7z

Property value

mean

mean
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Derivation of design properties

T For Limit States Design code,

Specified strength = A 5o, X Kg X Kl X Kye

where
Kg = other factors that may be necessary

Kool = Duration of load factor to convert from short-term test
(5 min) to standard term (roughly 7 days)

Kuve = Moisture adjustment factor to convert to 15% MC level
(dry condition definition), if test condition differs

109



Design modification
factors for timber
structures



Modification factors for
structural timber design

I Duration of load factor K
+ To reflect the effect of load duration on strength

I Service condition factor Kg
+ To take into account the effect of MC on strength

T Size factor K,
+ To take into account the effect of size on strength

I System factor K,
+ To take into account the system behaviour

I Treatment factor K-

+ To account for the influence of preservative and fire-
retardant treatment



Duration of Load Effect

TWood can carry a higher load for a short
period of time than it can carry for a long
period of time

TBasis of duration of load effect factor in
design standards is the Madison curve
developed at US Forest Products Lab



Modification Factors

Load duration factor, K

T Short term (< 7 days), ¥&1.15 (wind,
earthquake, formwork, impact)

I Standard term, k=1.0 (snow, live, dead load in
combination with snow or live)

I Long term, Ks= 0.65 (dead load, earth pressure,
retaining wall)



Duration of load factor, K




Specified strength %

100

(o]
o

80

70

60

50

Ky =1.15
Wind load

Duration of load effect, K

most design
cases (~3 months)

Live load

D

Ky, = 1.0 0.5 log (D/L) *0.65 T

* A

Ky = 0.65
Dead load

2000 4000 6000 8000 4 year
Load duration (hours)

10,000



Modification Factors - K

1.25D+1.4NV+0.5L Kp=1.15



Modification Factors

I System Factor, K
+ Repetitive members

+ Load distributed over several framing
members

T Requirements:

+ Case 1: three or more parallel members
spaced no more than 610 mm apart, K,=1.1

+ Case 2: in addition, a sheathing material of a
specific thickness is attached to the members,
Ky=1.4



Load sharing K

3 or more
members
sharing
\/ Case 1 system
Ky=1.1
\-8‘%\/ H
Mm ~_



Load sharing K

150mm edge
nailing

300mm
Intermediate

9.5mm min. sheathing

3 or more
members
sharing

Case 2 system
Ky=1.4
(visually graded:
bending & shear)




Modification Factors

T System Factor, K



Modification Factors

I Service Condition Factor, K ¢

+Specified strengths of wood are based on test
results for dry service condition, average 15%
and not exceed 19%

K s can differ for different properties and
wood products






Modification Factors

I Service Condition Factor, K ¢



Modification Factors

¥ Size Factor, K,

L arger members tend to be weaker than
smaller members, due to the increased
probabillity for defects



Size effect In timber

T Strength properties
decrease with
Increasing piece size *
size (or volume) effect

TLarger piece has a
higher probabillity of
containing more and
larger defects

Apparent depth effect for Douglas Fir-
Larch and Hem-Fir tested in bending



Modification Factors

¥ Size Factor, K,



Modification Factors

I Treatment Factor, K -

+Preservative treatment has little effect on
structural properties

tIncisions made for better solvent penetration
may affect the strength

Incised wood for better
preservative penetration



Chemical treatment of wood against
decay and fire

7N\

Typically no effect, except when Fire retardant has a tendency to
wood surface Is incised enhance moisture absorption
leading to higher MC



Treatment Factor K +

Investigations of the influence of incising and treating on the strength
properties of larger sections did not demonstrate any consistent
reductions: K.=1.0




End
Lecture #1
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