


ABSTRACT

Several relationships between tensile strength and
some lumber characteristics that can be measured
nondestructively are evaluated. From 72 to 83 percent
of the variation in tensile strength of several hundred
southern pine 2- by 4- and 2- by 8-inch specimens
was accounted for by various linear combinations of
strength ratio of knots, stiffness, slope of grain, and
specific gravity, Strength ratio of knots and stiffness
were the most significant variables. Evaluated in
conjunction with other variables, stiffness measured
over a 4-foot span improved the coefficient of deter-
mination of 2 by 4's by about 0.5 compared to stiff-
ness measured over a 15-foot span; three methods to
determine strenagth ration of knots gave coefficients of
determination that differend by a maximum of 0.08. A
method for extimating lower 5 percent exclusion
values for tensile strength is also presented.
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INTRODUCTION

The increasing use of wood trussed rafters and
laminated timbers and the changes in methods of
grading and in determining allowable stresses
bring about the need to reassess tensile strength
of structural lumber. Allowable stresses assigned
lumber for tensile applications before 1968 were
traditionally considered equal to the allowable
stresses for bending members (Q.gThe allowable
bending stresses were assumed conservative for
tension because within a species the maximum
stress in tension of a small clear specimen is
greater than that of the moduluis of rupture in
bending. In the early 1960’s, it was apparent
that lumber was not so strong in tension as
believed. Tension tests of 1 aby 6 laminating
stock (13) and machine-graded lumber (8) re-
vealed some surprisingly low-strength pieces.
Other pieces, however, were very strong in ten-
sion and suggested a rather broad range for ten-
sile strength of lumber. Siimes (11) also observ-
ed this broad range in saw timber in Finland.

To account for some of the large variation in
tensile strength in lumber, several attempts have
been made to relate tensile strangth to various
measurable characteristics. Some of the varia-
tion in saw timber in Finland was related to the
largest knot or the largest sum of knot sizes in
any 6-inch length (11). For European redwood
(Scotch pine) Dawe (3) found a good correlation
(a correlation coefficient r = -0.865) between
tensile strength and knot area ratio in specimens
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necked down to 5/8 inch by 3 inches. However,
this study appeared limited to a single knot in
the necked-down section in which knot size ranged
to 1-1/2 inches in diameter. Zehrt (13) found
slope of grain influences tensile strength of lum-
ber as it does tensile strength of small clear
specimens of wood.

Nemeth (8) reported that the maximum tensile
stress for 2 by 4's and 2 by 8's was lower than
the modulus of rupture for machine grades with
comparable moduli of elasticity. Although this
led to his suggestion that design values for
machine-graded bending members should be re-
duced bny 20 percent for tensile strength applica-
tions, a later study (7) showed that a larger
reduction is warranted. For current visual grades
of lumber, allowable tensile stresses are from
55 to 67 percent of allowable bending stresses,
depending on lumber size.

This study was undertaken to evaluate relation-
ships of tensile strength to the following charac-
teristics and properties of lumber:

Visual characteristics measurable properties
Knots Flexural stiffness
Slope of grain Torsional stiffness
Checks Specific gravity

Growth rate
Amount of latewood
Compression wood

University of Wisconsin.

2Underlined numbers in parentheses refer to Literature Cited at the end of this report.



The sample evaluated consisted of specimens
collected for a survey of tensile strength of stress-
graded southern pine dimension (4) plus some
additional below grade pieces. The survey sample
consisted of 300 2 by 4's and 150 2 by 8's from
10 southern pine mills. At each mill, ten 2 by 4's
and five 2 by 8's were selected at random from
each of the three grades: No. 1 KD, No. 2 KD,
and No. 3 MG KD.2 All pieces were 16 feet long,
The remaining part of the sample included ten
2 by 4's and five 2 by 8's also selected at each of
the 10 mills from 16-foot stock that did not meet
the minimum requirements of No. 3 grade,

A study by Orosz (10) based on the same lum-
ber sample, related tensile strength to bending
strength ratio and either long-span (15 feet) or
short-span (4 feet) modulus of elasticity. Bending
strength ratios (BSR) were determined according
to ASTM D 245 (1) for each piece on the basis of
size and location of knots and slope of grain.
Where the knot wgas the controlling factor, the
ASTM D 245 “surface method” ~ was used to mea-
sure knot size. The moduli of elasticity, measur-
ed in flatwise bending, will be referred to here
as long-span or short-span flexural stiffness
moduli.

EXPERIMENTAL METHODS

The test methods used for determining tensile
strength, long-span flexural stiffness (EL), short-
span flexural stiffness (ES), and full-length tor-
sional stiffness (GL) have been described (4,10).
Before testing tensile strength, a record was
made of knots, slope of grain, shake, warp, and
compression wood. After the tension test, spe-
cific gravity, growth rate, percent latewood, and
percent compression wood were measured on a
wafer of clear wood cut from near fhs principal
failure point of each piece.

Some visual characteristics were difficult to
quantify. For example, measuring depth of a
surface check over its full length or quantifying
gross amounts of compression wood in a whole
specimen was for all practical purposes not
feasible. Thus these two characteristics were
only qualitatively measured before test.

Warp, a visual characteristic, was recorded as
the sum of bow and crook for a specimen. Other
visual characteristics were determined at or
adjacent to cross sections suspected as probable
points of failure. Because the section where
failure would occur in testing was not always
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obvous, several cross sections were considered
for many specimens.+

The general slope of grain adjacent to each
selected section and the cross-sectional dimen-
sions, the absence or presence of tree pith, and
all knots in each selected section were measured.
The method of knot measurement, called the
coordinate method, differs from methods given in
D 245. The coordinate method considers the
projected area of a knot (Appendix 1).

After the tension test, a 1-inch wafer was cut
from near the point of failure for determining
moisture content. Each wafer was later cut into
1/8- and 1/2-inch thicknesses, and the 1/2-inch
thick wafer was sanded smooth on one side. Oven-
dry weights and volumes, percent latewood
growth rate by rings per inch, and percent com-
pression wood were measured on these wafers,
and an ovendry specific gravity computed. The
annual ring growth was measured along a radial
line that visually appeared to best represent the
piece. To determine compression wood, the 1/8-
inch thick wafers were observed over a light-box.

“Nomenclature used here is based on "1963 Standard Grading Rules for Southern Pine Lumber,” published bny

the Southern Pine Inspections Bureau, Pensacola, Fla.

ilASTM D 245 has, since its inception, provided that knots sizes can be measured on the surfaces of the

lumber by a set of rules that are referred to as the

"surface method."



METHODS OF ANALYSIS

Multiple linear least-squares regression (5)
was used here because it is the most objective
method to analyze the multiplicity of variables
and the data of this study and because the vari-
ables can be evaluated simultaneously. This
method was applied separately to the data for
2 by 4's and for the 2 by 8's. The general
regression equation

Y=B + B X +B X + ...+ B X Q)
0 11 2 2 K K

relates the response variable Y (tensile strength)
through the regression coefficients Bi’s to a

linear combination of K variables Xi'

A problem in this kind of analysE is the use of
the proper form for the X variables. The forms
used here are discussed in the following sections.

Slope of Grain

It is generally known that strength and slope
of grain are not linearly related (9, 123). Because
their relationship is complex, it is necessary to
find some transformation for slope of grain that
will relate it linearly to tensile strength.

Data on 59 of the 2 by 4's made it possible to
explore the relationship between tensile strength
and slope of grain in specimens free of other
defects such as checks and shake. However, 15 of
the 59 specimens failed near knots. The data on
strength for the 59 specimens are plotted in
figure 1 directly against the square root of the

tangent of the slope of grain ( Otan). The curved
line, which represents the interaction equation of
Norris ((9), equation 13) fit by trial and error to
minimize the sums of squared deviations, ac-
counted for about 61 percent of the variation in
tensile strength. If the slope of grain is limited
to a maximum angle of about 25°, a straight line
fits figure 1 fairly well. Thus the Vian is a
reasonable approximating transformation of the
data on slope of grain. This transformation is
used here because other plots of the data on dif-
ferent transformations did not suggest anything
more suitable.

Slope of grain was also included in bending
strength ratio, which is discussed in the following
section.

Knots

Tensile strength of stress-graded lumber is
assumed directly proportional to ASTM D 245
bending strength ratio (BSR). The strength ratio
model, used with certain methods of measuring
knots, is conceptually the ratio of load-carrying
capacity of a member with a knot to that of a
similar member without a knot.

In the model, a knot is assumed a cylindrical
void, normal in direction to either a narrow face
or a wide face. A knot on a wide face is assumed
to be either on the centerline or at the edge.
Consequently the modeled knot appears as a rec-
tangular void in a lumber cross section which is
retangular. Examples are diagrammed in the
following (b, bredth; h, height).
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Figure 1.--Relationship of tensile strength
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Formulas for strength ratio are given in the
appendix to ASTM D 245-70 (2).= In addition to
assuming the knot a void area, stress-raising
effects and bending of axially loaded members at
eccentric knot cross sections are ignored
Basically,

1- AK.-’A’::. for centerline or narrow=-

face knot
BSR =

1- ;11{;"'&'}2. for edge knot

where A' = bh, the gross area of cross section
with the void knot area, AK. For the edge knot,

to slope of grain.

BSR can be considered the fractional residual
section modulus available to resist load. For the
centerline or the narrow-face knot, it is the
fractional residual area available to resist load.
Because BSR is currently used in stress grading
lumber, it is one possible form for relating knots
linearly to tensile strength.

In the ASTM D 245 concept, strength ratio is
controlled by the size and location of the single
knot in a piece or, if servere enough, by the slope
of grain. Because lumber is not limited to a
single knot at a cross section, a model was
sought that would relate tensile strenth to mul-
tiple knots. According to Dawe (3), tensile strength
is linearly related to knot area ratio (KAR), the

§The strength ratio models of ASTM D 245-70 contain com constants that are not important to this discus-

sion and are ignored in the models presented.



fractional area of lumber cross section occupied
by the projected area of a single knot. If a knot
is considered a void, Dawe's result suggests
that tensile strength may be linearly related to
residual area available to resis tensile load--
even if more than one knot is present. Residual
area stressed in tension can be thought of as
tensile area ratio (TAR) and

TAR = (1 - KAR)

For a single centerline or a single narrow-face
rectangular knot area, TAR and BSR are con-
ceptually the same. Thus, TAR, which can account
for all projected areas of knots in a given cross
section, is a second possible form for linearly
relating knots to tensile strength.

There has been an increasing awareness that
knots at the edge of a face cause a greater reduc-
tion in tensile strength than knots away from the
edge (6). This is credited to the bending that
takes place because the knot is eccentric to the
axial tensile force. An exploratory analysis of
the tensile strength of 268 of the 2 by 4's of this
study indicated a greater edge knot effect. Orosz
(10) offers a modification to BSR for tensile
members with a single cylindrical edge knot. His
model relates tensile strength ratio (TSR) to BSR

by
TSR = BSR/(1 + 2KAR)

and is based on combined bending and tension
theory. Schniewind and Lyon (12) experimented
with another model.

Most knots are not cylindrical and do not
project through a poice normal to a face; this is
suggested by the various shapes of knots in
Appendix 1. Therefore, unsymmetrical bending
can be hypothesized during a tension test. A ten-
sile strength ratio (TSR) that considers tension
and unsymmetrical bending of the nonvoid areas
of a cross section is derived in Appendix 2. The
TSR model employs some rather complicated
ratios of moments and products of inertia. It is
applicable to multiple knots but reduces to the
TSR form of Orosz for a single rectangular-
shaped edge void and to BSR for a single

rectangular-shaped centerline void. The TSR
form in Appendix 2 is a third possible form for
linearly relating knots to tensile strength.

This study evaluates tensile strength as a
linear function of the three possible forms: BSR,
TAR, and TSR. Both TSR and TAR are based on
the coordinate method of measuring projected
knot areas (Appendix 1) and were determined for
the cross section Wh%re failure presumably
occurred in each piece.” Bending strentgth ratio,
however, used with the surface method of mea-
suring knot size, was obtained before the piece
was tested to failure. It is based on the single
characteristic, either a knot or a slope of grain
that yielded the lowest BSR for a piece. BSR may
be equal to or lower than that for the failure
section in a piece. Thus, TSR and TAR may be
compared directly as predictors, but only a gen-
eral comparison can be made with BSR. All three
will be referred to as knot strength ratios,
although some BSR values may sometimes apply
to slope of grain rather than knots.

Compression Wood

Exploratory analysis indicated that tensile
strength and compression wood were not cor-
related. The lack of correlation was probably due
to the limited amount of compression wood in
the sample evaluated; very few pieces had much
compurssion wood in the failure zone. Because
of lack of correlation in the exploratory analysis
compression wood was not included as a variable
in equation 1.

Bending Stiffness Modulus

As mentioned, flatwise modulus of elgasticity
was measured over both long and short spans
during this experiment for use in other studies.
Thus tensile strength, assumed to be linearly
related to stiffness, can be evaluated for two
different types of stiffness. For the short span,
the ES of the f4 feet containing the failure section
was used rather than the minimus ES.

SThe location of actual cross section that precipitated failure was not always definite because rupture

seldom occurred across one particular section. Usually,

failure progressed partly across one section,

advanced to another to complete the rupture, but so rapidly that the initial point of failure could

nor be definitely established.

FPL 174



Other Factors

The remaining single factors, specific gravity,
warp, relative latewood, growth rate, and tor-
sional stiffness modulus, were also assumed
linearly related to tensile strength and were so
entered in the regression analysis. Linear rela-
tionships have in the past been used to relate
strength of clear wood to some of these proper-
ties. some two-factor interactions that involve
strength ratio, slope of grain, specific gravity,
latewood, and stiffness were also included in the
analysis as being linearly related to tensile
strength.

Specimens Excluded

Forty-four 2 by 4's and twelve 2 by 8's were
excluded from the anslyses. A few had unusual
characteristics, borer holes, cross tension cracks
in localized compression wood or growth around
a broken main stem: a few had data missing. Of
the excluded 2 by 4's, most failed in conjunction
with either slope of grain exceeding 25° or
severe checks or shades. Severe checks and
shakes were the general cause for excluding
most of the 2 by 8’s.

Nomenclature for Variables

The following nomenclature was used for the
regression analyses:

Y = tensile strength
X, = fractional knot strength ratio

1
X2 = Vitan of slope of grain
X3 = Specific gravity
X =war
el
X5 = relative latewood
X 5 = growth rate

X7 = bending stiffness modulus

Interation terms included were, with one

exception, the following:

The variables were in the following measures:
Pounds per square inch, tensile strength; deci-
mals, strength ratio; inches, warp; percent,
relative latewood; reciprocal inches, growth rate;

6 . .
10 pounds per square inch, stiffness modulus;
and corresponding units for the interaction terms.
the variable Xllwas replaced with the torsional

stiffness modulus, GL, in 103pounds per square
inch for certain analyses of data on the 2 by 4's.

The variables were related linearly by mul-
tiple least-square regression analysis with the
maximum model limited to

=R+ + + +
VSR HBX BX + L tB X (2

Because of the three possible methods of relating
knots and the two possible methods of relating
bending stiffness to tensile strength, six differ-
ent regression analyses, each with 12 variableds,
were run for each size of lumber.

For each regression analysis of 12 variables,
there are

120 120 12 12
(1)+(2)+(3)+...+(12):4095

possible submodels associated with the maximum
model. This is a very large number of models
most of which can be expected to turn out as in-
significant, impractical, and not useful. For
uncontrollable variables, as studied here, the
regression analysis usually yields several sta-
tistically significant models about equally good
in fitting the data. Selection of appropriate models
becomes somewhat subjective. The criterion of
statistical significance used throughout this report
is based on rejecting or not rejecting at the
1 percent level the hypothesis that each Bi (ex-

cluding 80) equals zero after the remaining co-

efficients in the submodel are accounted for.



RESULTS

The final choice of model does not depend so
much on the method of analysis as on the circum-
stances under which it will be used. Because of
cost, ease of making measurements, or other
factors, a user might choose a model that is less
than the best according to the analysis, but one
that is functional in his own situation. Therefore,

sented. Table 1 shows these submodels in Bi 'S,

the least-square estimates of the regression
coefficients (Bi 's), under three general categories:

(1) No variable intentionally excluded, (2) vari-
ables X7 and X12 intentionally excluded, and

(3) variables X2, X8and X, , intentionally ex-

several possible significant submodels are pre- i
Table 1.--Coefficients of regression B; for significant submodels of the modelY =B +BX +BX_ + ... B, _X
i | 0 11 22 12 12
Lumber : Submodel: Form : Form: B, B, for variables
size No. : of : of : = = = - . p " = p = -
FXp i Xg 3 <x_2__ix3_ Xy = XgE . Xg= Xp= . Xg= . 5= . X xllztxlz'
3 : : . strength :  Otan  : specific :warp in : latewood : growth : bending : X ] X : X4 X, = :
: ratio in: of grain : gravity : inches in : rate :stiffness ve ] 1X3 175 X2X3 : X1X7
: fractions :angle in: 2 :percent :in rings : modulus :
: : degrees : 3 : :
3 LIS per in 1%
. N pounds .
per
NO VARIABLE INTENTIONALLY EXCLUDED
2 x 4 : 41ES TAR : ES 111 6,802 : -3,531 : 2,360 : -9,211 :
© 41EL TAR : EL 406 : g -1,215: -2,824 :
S 42ES (TSR:ES: 74 : . 2,566 ° -5,148 : 2,732 -8,236 9,602 :
: 42EL : TSR : EL : -857 : 2,520 : 2,231 : : 1,054 : -8561 : :
{43ES (BSR:ES: 107 : ) : 757 :
:43EL  : BSR : EL : 835 : 8
2 x8:8lES :TAR:ES: 8,155: -13,761 : : -17,695 : : -1,880 : 30,432 :
:8lEL : TAR:EL: 7,713 : -12,720 : : -17,453 : :-1,767 : 29,394 :
D 82ES i TSR ES : -1,240 : : : 1,505 : -3,256 : 8,960 :
: 82EL : TSR:EL: -1,254: 1,276 : -3,021 : 9,174 :
 83ES { BSR: ES : -2,975 - 5,733 : :-68.26 2,198 11455
: 83EL : BSR: EL: -2,746 : 5,670 : © -76.02 : 1,844 : ©123.99 :
special case, Xll = torsional stiffness modulus is 103 pounds per square inch
2 x 4 : 41ES-G : TAR : ES: 1,819 : -4,190: -3,443 -2,5680 : -1,840 : : 20.70 : 6,932
: 41EL-G : TAR : EL : -1,792 : : B -1,087 : -2,605: : 17.49 @ 3,978
[ 43ES-G : BSR : ES .  -916 4,646 : 1,284 : 12173 1 2,929
1 43EL-G : BSR: EL : -1,239 : g 1 16.80 : 3,140
VARIABLES X ; AND X, INTENTIONALLY EXCLUDED
2x4:4 : TAR @ -2,977 : 3,461 : 7,130 : -452.7 : -84.36 : © 3,424 : 154.8
: 42 : TSR : 402 : 8 : -376.7 : 25.16 : : -6,126 @ 12,133 :
1 43 : BSR : 766 : -284.4 H 8 10,112 : 42.0
2 x 8:81 : TAR : 9,757 : -15,440 : 1 -22,862 : : -2,5635 @ 43,119 :
: 82 : TSR : 227 : : : : -3,949 : 11,611 :
83 : BSR : 537 : -5,998 : 8 : -19,884 :
1
VARIABLES X, , Xg, AND X;; INTENTIONALLY EXCLUDED"
2 x 4 : 141ES :TAR :ES 70 6,430 : -3,179 :-10,054 : 1 7,696
141EL :TAR : EL : 35 : 8 860 3 : 3,886
142ES : TSR:ES: -640 : 1,470 : - 2,624
: TSR : EL : -100 : 819 : : 2,652
CBSR:ES: 102 - 757 ;3,158
: BSR : EL : 835 : : 3,300
2 x8: 18lES : TAR : ES : 8,048 : -14,005 : :-17,294 29,528 : : 2,550
181EL : TAR : EL @ 7,561 : -12,846 : -17,008 : 28,339 : : 2,199
182ES : TSR : ES : -1,430 : | ; 1,667 : 7,790
182EL : TSR : EL : -1,474 : 1,442 8,051 :
(ZIBES : BSR : ES : -2,975 : 5,733 : : -68.26 : 2,198 : © 11455
183EL : BSR : EL : -2,746 : 5,670 : : -76.02 : 1,844 : 123.99
Special case, Xll = torsional stiffness modulus in 103 pounds per square inch
2 x 4 : 141ES-G: TAR : ES : 1,890 : -4,566 -4,648 -2,259 : 23.38 :6,814

lExccept for the special cases
Zsame as model No. 43ES.
§Same as model No. 43EL.

where xll = EL,

i1Same as model No. 83ES.
éSame as model No. 83EL.

FPL 174
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cluded. Models in the second category would be
preferred if stiffness were not measured. If
flexural stiffness is measured, models in cate-
gory 3 may be preferred to those in category 1
because slope of grain is a property difficult to
visually estimate in the normal grading process.
Each of the submodels in table 1 was the “best”
model (significant model with highest coefficient of
determination) for the listed forms of variables.

The partial F-ratios (5) and the coefficients of

2
determination (R ) are listed in table 2. The
partial F-ratios were used to establish the sig-

nificance of each regression coefficient; each
F-value exceeds the 1 percent level of
significance.

The partial F-values are indicators of the

importance of the variables; the higher the num-
ber, the more significant the variable in any
model. Generalization about the importance of
any one varuable is very difficult, however,
because most of the models contain interaction
terms. When not intentionally excluded, flexural
stiffness seems very important for 2 by 4’s,
particularly when interacting with TAR or BSR;
partial F-values for the interaction term range
from 61 to 1069 depending on type of stiffness
and strength ratio. For 2 by 8's, the immportance
of flexural stiffness is not so obvious, since the
interaction of TSR with specific gravity and the
interaction of BSR with percent latewood have
higher partial F-values.

Among other pertinent results that table 2
reveals, growth rate (X6) was not a significant

variable if other variables were considered to
account for tensile strength. Warp (X4) was

generally unimportant; it was significant only in
the three models for 2 by 4's when stiffness was
intentionally excluded as a variable. Percent
latewood (X5) was generally unimportant except

for 2 by 8's when the BSR type strength ration was
employed and for the 2 by 4's when flexural stiff-
ness was intentionally excluded. Torsional stiff-
ness was important in at least some models for
2 by 4's; the importance of the variable was not
studied for 2 by 8's, because residuals from the
models suggested it would not be important.

The R2 values in table 2 may be used to com-
pare the fit of the 34 different submodels to the
data; the higher the value, the better the fit. The
best fit was provided by either 82ES or 82EL,; for

both, RZ = 0.834. Submodel 41 with R? = 0.688 pro-
vided the poorest fit. Many of the submodels,
however, accounted for about the same amount of
variation in tensile strength. In addition, the data
for the 2 by 8's generally showed a better fit than
that for the 2 by 4's.

the R? values in table 2 can also be used to
compare the different forms of strength ratio and

flexural stiffness. Perusal of the RZ values re-
veals the following two conclusions:

1) TSR is probably the best form for strength
ratio. BSR is better than TAR for 2 by 4’s, but
not for 2 by 8s. The largest difference, 0.08 in

R2 for TSR-BSR, occurred for 2 by 8s in which
flexural stiffnesses was intentionally excluded (sub-
models 82 and 83). Other than that, no single form
for strength ratio was better than any other form

by more than about 0.005 in R2.
2) For flexural stiffness, ES is the better of the
two forms for 2 by 4's by about 0.04 to 0.06 in

R2. For 2 by 8's neither of the forms is consis-

tently better as tje cp,[arab;e R%s do not differ
by more than +0.01.

The two general conclusions are, of course,
dependent on other variables contained in the
models. If all variables except either strength
ratio or flexural stiffness are excluded, some-
what different conclusions are apparent.

The R2 values for the simple models with
either strength ratio or flexural stiffness alone
are:

Type of-- R2
(2 x 4s) (2 x 8%)
Strength Ratio

TAR 0.53 0.56
TSR .58 72
BSR .66 .58
Flexural stiffness

ES .63 .63
EL .49 .59

Thus TSR seems the best form of strength ratio
for 2 by 8s and BSR for 2 by 4's. For flexural
stiffness. ES is the better form for both sizes.
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Another simple model of interest is that with
only the interaction of strength ratio and flexural

stiffness (variable X12). R2 values are:

Interaction Type R2

(2 x4s) (2x8s)
TAR x ES 0.76 0.75
TAR x EL 71 .76
TSR x ES 77 .79
TSR x EL 72 .81
BSR x ES .78 74
BSR x EL .75 .75

Based on the R2 's for the interaction terms, BSR
seems the best form of strength ratio for 2 by 4's
but the worst for 2 by 8's; TSR is the best form
for 2 by 8's; ES is the better form of stiffness for
2 by 4's, but EL is the better form for 2 by 8’s.
Except for the TSR’s for 2 by 8's, however, none
of the forms seems to be much better than any
other.

Each line of regression coefficients and the
appropriate X variables in table 1Arepresent a
model for predicting mean values (Y) of tensile
strength. Although mean values are of general
interest, wusers are primarily concerned with
specifying values sufficiently low that the prob-
ability of failure under full design load is at a
practical minimum For stress-graded lumber
and plywood in the United States, this is generally
the lower 5 percent exclusion limit based on test
strength data modified for duration of load and
use conditions. This report deals only with unad-
justed tensile strength data developed directly

from short-time tests (American Society for
Testing and Materials, Standard Methods of
Static Tests of Timbers in Structural Sizes.

Designation: D 198).

The 5 percent exclusion limit for a wood prop-
erty is usually computed on the basis of a uni-
variate distribution. However, multivariate dis-
tributions are dealt with here.

The exclusion limit for multivariate distribu-
tions is complicated. A further complication
arises if the dependent variable is not homo-
geneously distributed about a regression. The

10

lack of homogeneous varian;:\e is shown in some
of the plots of residuals (Y-Y) from model 42ES
(figures 2 through 7). Homogeneous variance
requires the scatter of residuals to be indepen-
dent of each variable. Most of the residual plots,
however, reveal an increasing trend in the
scatter of residuals. Model 42ES was chosen as
typical. Residuals from other models showed
similar trends.

Regardless of the complications, exclusion
limits can be estimated, although subjectively,
since some assumptions of data distribution must
always be made. An equation suggested for esti-
mating lower exclusion limits (Y,) on tensile

strength is

N 2 2
Yt =Y -t J 8] [Y + (Y)z/(EYj)] ?3)
where Y = a tensile strength predicted by one of
the models selected from table 1, t = the studen-
tized value for a specified exclusion level (1.65 is
used here for 5 percent lower exclusion limit),

52 = a sample-based constant from table 3 for the
selected model, (SYj) = a sample-based constant

(the sum of all tensile strengths of test speci-
mens) equal to 1,217,400 p.s.i. for 2 by 4's and
561,346 p.s.i. for 2 by 8s. The exclusion limit
equation is an expression of a prediction model,
and can thus be solved for all levels of the X
variables. The development of equation 3 along
with some necessary assumptions are given in

Appendix 3.
A graphical example of the equation for the
lower exclusion limit is presented in figure 8

with the scatter diagram of the data of actual
tensile strength for the test specimens versus
strengths predicted by model 42ES. The number
of falldowns (actual tensile strength below the
exclusion limit) is 7, equivalent to 2 percent of
all of the 2 by 4 test specimens.

Figure 8 also shows a comparison of juvenile
wood and mature wood. The comparison can only
be approximate because the distinction between
juvenile and mature wood was based solely on
the presence of the pith of the tree in the failure
section. On this limited basis, specimens with
juvenile wood appear no weaker than those not
rated as juvenile for comparable TSR, ES, slope
of grain, and specific gravity.
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Table 3.--Values of 1S2 and number of

falldowns2 for each of the
models listed in table 1

Sub- . s2 > Number of falldowns
model . . inpercentoftotal
No. . . numberofspecimens
41ES . 285.52 . 2.5
341EL  ; 353.74 | 2.0
42ES . 267.06 , 2.0
42EL , 28541 , 2.8
43ES . 260.32 . 2.8
443EL . 31813 . 3.1
=81ES . 222.11 . 2.3
81EL . 271.17 . 5
82ES . 184.73 . 2.7
82EL . 19245 , 2.7
83ES . 254.39 . 2.1
83EL . 277.54 . 1.6
41ES-G. 260.09 . 1.7
3 41EL-G. 32552 . 1.7
43ES-G. 239.66 . 3.7
43EL-G. 295.33 . 4.2
41 . 331.36 , 4.5
42 . 349.21 . 3.4
43 . 367.14 . 2.8
431 © 296.85 . 1.1
82 . 223.28 . 2.1
83 . 31740 . 3.7
141ES . 293.85 . 1.7
3141EL | 36459 | 2.0
142ES | 244.24 . 2.8
142EL , 312.06 , 3.4
143ES . 260.32 . 2.8
143EL . 31813 . 3.1
181ES . 265.51 . .5
181EL . 284.11 . 1.1
182ES . 198.59 . 2.1
182EL . 206.12 . 1.6
183ES . 254.39 . 2.1
183EL . 277.54 . 1.6
141ES-G. 263.49 . 1.7

1
“Equation for 52 is given in Appendix 3.
=Data points below Yt (lower  exclusion

limit).

§Values based on excluding all values

N
for Y < 300 p.s.i.

4 .
=Values based on excluding all values

for \/(\ < 1,000 p.s.i.

FPL 174 17
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The exclusion limit equation for model 42ES is
complicated by the number of terms. Because
model 43EL is simple, it can serve as an example
for using equation 3. The prediction equation for
model 43EL in general terms is

Y=B +B_ X
0 12 12

Therefore,

Y =B +B_ X
1 0 12712

2
-t - B
tys [0*312X12

in general terms and

+(By + B

2
z
12512/ Yj]

Y, =835 + 3,300X
t 12

3
- 1.66 \/318.13 [835 + 3,300)(12 + {835 + 3,300X12)2/1,217,400J

values for X
12

are decided by the user. Because X12 = X1 X7, a

in specific terms. In practice,

given value for X12 can be satisfied by a con-

tinuum of increasing X1 and decreasing X7 values

or vice versa, For example, X:L = 0.8_and X7

= 1.25 million pounds per square inch will satisfy
a chosen value for X12 = 1.0 million pounds per

square inch; so would X1 =1.0 and X7 =1.0 mil-

lion pounds per square inch, or X1:0.5 and X7

= 2.0 million pounds per square inch.

That the equation for the exclusion limit is
only approximate is attested by the number of
falldowns shown in table 3. The number of fall-
downs is consistently less than 5 percent. In
some models (the footnoted), very low datapoints
had to be excluded, because the resulting exclu-
sion equations were extremely conservative. Even
then the exclusion equations are conservative as
indicated by the low number of falldowns. Actually,

FPL 174
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any data point lying very near the Y-axis, where
the predicted value is very near zero, tends to

inflate the value for 82. This may be noted in the

equation for 82 in Appendix 3 where the quantity

Z(YjZIQ J.) may approach infinity as Qj approaches

zero. It may not be physically possible for Yj to

approach that near zero because pieces that weak
probably break during manufacture and are
discarded.

The sample used here was basically the same
as that used by Orosz (10). Some differences in
the analyses, however, are listed in the following:

1) Orosz excluded fewer specimens (nineteen 2
by 4's and seven 2 by 8's).

2) Orosz limited his study of tensile strength to
an analysis of the ASTM form of strength ratio
(BSR) and to flexural stiffness.

3) Orosz worked with the logarithm of tensile
strength rather than tensile strength directly;
he considered quadratic terms as possible vari-
ables, but did not include any interaction terms
because the log transformation tends to account
for some interaction.

Because analyses differed, general compari-
sons are possible for only two models, submodels
43ES and 43EL, and the comparable models given
by Orosz for 2 by 4’s ((10), table 5). Each com-
parable model is limited to one of the measures
of flexural stiffness and the same bending strength
ratio. Regression coefficients are not comparable
because of the different forms of tensile strength,

but the R2 values for 43ES and 43EL exceed those
for the comparable Orosz models by 0.02 and
0.05, respectively. The slightly better fit of 43ES
and 43EL may result from excluding a larger
number of specimens from analysis.

Of primary interest, however, is the compari-
son of exclusion values. Orosz published exclu-
sion values involving only BSR and ES; thus
comparison is limited to submodel 43ES. Figure 9
shows the lower “5 percent” exclusion values for
submodel 43ES and for the comparable Orosz
model. The Orosz model predicts the more lib-
eral lower exclusion values for ES up to about
1,000,000 p.s.i. regardless of strength ratio and
for strength ratios up to about 30 percent regard-
less of ES. Exclusion values differ very little,
however, for ES from about 1,000,000 to 1,800,000
p.s.i. at strength ratios above about 50 percent.
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SUMMARY

About 72 to 83 percent of the variation in ten-
sile strength of southern pine dimension lumber
with a wide range of characteristics was accounted
for by wvarious linear combinations of strength
ratio of knots, stiffness, slope of grain, and
specific gravity. Strength ratio of knots and stiff-
ness were apparently the most important because
they appeared in all of the most significant linear
combinations. For the most significant linear
combinations, stiffness measured over a 4-foot
span improved the coefficient of determination
for 2 by 4's by about 0.05 compared to stiffness
measured over a 15-foot span. Three different
methods of estimating strength ratio of knots
were investigated, but none was superior by
more than 0.08 in coefficient of determination
when evaluated in conjunction with other variables.

Based on a small portion of the lumber in
which failure was primarily associated with

cross grain rather than with knots, a stress
interaction equation accounted for about 61 per-
cent of the variation in tensile strength.

Of the other variables, checks and compression
wood could not be evaluated; growth rate did not
significantly affect tensile strength; and only
when flexural stiffness was intentionally excluded
as a variable did warp and percent latewood have
a significant effect on tensile strength.

In developing stress grades, the lower 5 percent
exclusion surface is needed. Development and
display of an exclusion surface can be very diffi-
cult for multivariable relationships where hetero-
geneous variance is often encountered. In this
work a 5 percent exclusion surface is approxi-
mated by use of a plot of actual values versus
predicted strength values and some well-
established regression techniques.

FPL 174
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APPENDIX 1
COORDINATE METHOD OF MEASURING KNOTS

32 § 33 ﬁ 42 43 44

=American Society for Testing and Materials.
grades of lumber. ASM D 245-64T. 1964.

=American Society for Testing and Materials.
grades and related allowable properties for visually graded Iumber. ASTM D 245-70.

ASTM D 2451’2pr0vides methods for determining size and position
of knot in stress-graded lumber. A knot measured by these methods
is assumed equivalent to a hypothetical round knot or void passing
through the lumber perpendicular to a surface.

Actually, knots in lumber are very seldom round or perpendicular
to a surface. If a knot could be seen through a lumber end, it would
appear as a projection on a cross section normal to the long axis of a
piece. For knots not overgrown, a projected view (projected knot area)
might look like one of the shapes shown in the following illustration in
which each number represents a suggested nomenclature for the shape
of the knot. (The number of faces on which a knot appears is indicated

PITH (TYPICAL)

Jo

by the first digit of each number; the second digit is arbitrary.) Of
course, a particular shape might appear on a cross section in many
forms; three possible forms are shown below for shape 22:

z

The knots may also bulge or curve within the cross section; they do not
necessarily vary linearly across the section as shown. However, in
this study, knots were assumed to vary linearly.

In the coordinate method of measuring knots, no attempt is made to
establish a hypothetical knot size. Rather, only the extreme coordinates
of the projected knot area in a perpendicular cross section are mea-
sured. An example of the method is shown in the following diagram:

23

Tentative methods for establishing structural

Standard methods for establishing structural

1970.
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The extremities of the knot at which coordinates are measured relative
to the XO and Y0 axes are indicated by the six small circles. If a knot

X

is overgrown, the coordinates of the internal extremities of the knot
area must be estimated. If the pith of the tree is present, its coordinate
must also be estimated to use with knot shapes 10, 20, and 30.

In this study internal coordinates for overgrown knots or pith were
measured or estimated at failure cross sections after test. Also, for
this study knot area coordinates reflected any sapwood portion of a
branch in addition to the usual heartwood (dark-colored portion of knot).

APPENDIX 2
TENSILE STRENGTH RATIO FOR LUMBER WITH KNOTS

A tensile strength ratio (TSR) for lumber can be defined as the ratio
of the tensile load carrying capacity of a piece with knots to that if the
piece were knot-free. For a piece with a single knot like that shown
below, loaded in tension, the internal force acts normal to the cross

Y-AX/S

i CENTROID OF
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section with the knot, The force is assumed to act through the intersec-
tion of the X and Y axes that locate the centroid of the net section and
by which the knot is treated as a void. This force and the external
tensile force, F, applied at the end of the piece and assumed to act at
the centroid of the gross cross section cause an internal bending moment
at the section with the knot. This moment, which will give rise to
unsymmetric bending, can be resolved into the components Mx and My

that act in the planes of the coordinate axes.

o)
b @
- F (E - X')

The moments will cause the member to bend in such a manner that
the centroids of net and gross cross sections will move closer together,
which in turn will change the magnitude of the moments. This effect
will be ignored; that is, it will be assumed that the long axis of the
piece does not bend,

=
il

=
]

By definition, the tensile strength ratio, TSR, is related to the applied
breaking load, F, by

F
TSR= . (2

where E ' is the load a clear straight-grained member of the same size
would carry at failure.

Assuming that the clear wood in the piece is homogeneous and has
the same tensile strength or everywhere,

F' = O'_I_A' (3

where A" = bh.
It is not so easy to express F in terms of tensile strength because
of the contribution of the internal moment. The stress nyat any

point in the cross section with the knot is a combined stress. It can be
shown to be=

. MITI -MP - NP
o =K+ Jx xzxy x + 4 52’}:1 v 4)
¥ox II -P I1 -7P

X'y Xy Xy xy

where Iy Iy, Pyy =the moments of inertia and the product of inertia,

respectively, of the cross section measured relative to the centroidal
axes X, Y of the net section; A =the area of the net section; x and y
= the coordinates measured relative to the X, Y axes of the point in the
net section most distant from, but on the centroid of the gross-cross-

lSeely, F. B., and Smith, J. O. Advanced mechanics of materials. 2nd ed., John Wiley and
Sons, Inc., New York. Chap. 5. 1952.
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section side of, the neutral axis. (Note: either x or y can be positive or
negative depending on their positions relative to the centroidal axes.)

Y-AX/S

o

___X-AX/S

If tana is positive, o is measured clockwise from the X-axis, if
negative, counterclockwise, where

: b - ZX')
_ ny B Ix (h - 2!
tan o = G
P b~ 2X"\ _ I
xy th - 2Y' v

When F is increased until GXyreaches o) failure is assumed to

impend. Then, by substitution of equations 1, 3, and 4 into equation 2

TSR =

When the axes of symmetry of knot and cross section coincide, as
shown in the following, X' =b/2, Y' =h/2, and TSR = A/A'. This is the
same as TAR discus sed in the body of this report, since A/A'
=(1 - KAR).

Y-AXIS

4

— VA x-Axis

KAR is the ratio of knot area to gross cross-sectional area.
If the knot shown is located at the edge of the cross section, equa-
tion 5 reduces to

26
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(A/A’)2 may be recognized as the fractional residual section modulus,
which is the bending strength ratio (BSR) for the section. Thus, TSR
reduces further to

BSR

ISR = T9 2w

the formula given by Orosz (10).

The preceding examples pertain to lumber with a single knot. Most
pieces of lumber contain several knots different in size and location;
sometimes several are at any one cross section. Equation 5 may be
applied to each cross section, taking into account all knots at the
cross section, to locate the lowest value for a piece. In this study the
lowest value was not always determined since the formula was only
applied to the failure section. The failure section was used because
other characteristics at or near the failure section were simultaneously
analyzed with TSR in evaluating tensile strength. Use of the failure
section is technically correct when tensile strength is related to two
or more characteristics of the section, but may be conservative,
particularly if TSR is the only characteristic used.

The following shows how TSR’s may be computed and how TSR,
TAR, and BSR compare for one example. A single knot appears as a
perfect circle on the wide faces with a diameter of 1 inch, and has
the projected area on a 2- by 4-inch cross section as shown.

Yo-AXIS

2,2)

(1,00 ZoH KEZ((1,2)

1
‘ Xo-AXIS
(0,0) 16,2) 0

The net section is broken into a set of right triangles.
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Each right triangle has moments of inertia andproduct of inertia that can

be translated to the XO and Y0 axes. The summation of those inertia

properties related to the and Y0 axes can then be translated to

0

parallel axes originating at the centroid of the net section. The moments
of inertia of the triangles about the X, axis are given by

0
2
ALh
N 1 -2
Ix‘E\IS + Z Aiyi
0
and about the YO by
Ab, " —2
IYQ = 7 18 + Z Aixi

where Ai = the area of the ith triangle
h. =its height

b. =its breadth

x<I
1

the perpendicular distance from the X0 axis to the centroid
of the triangle
the perpendicular distance from the YO axis to the centroid
of the triangle

The product of inertia relative to the XO and Y0 axes is given by

x|
1

Aiz .
P = L4+ —i8 + Z(Aixiyi)

th . .
When the hypotenuse of the i  triangle has a positive slope, the plus
sign is used; when a negative slope, the minus sign. The moments and
product of inertia about the centroidal axes of the next section parallel
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to 0 and YO

are given by

Xy XOYO

The centroid of the net section is located at

o - Z(Aixi) oo E(Aiyi)
LA, T IA,
1 1
Triangle: Ai Ai2 H ;i *y Aih12 Aibiz H Ai§i2 H Ai;iz H Ai LYy
1 : 1 : +1: 1/3:4/3; 1 4 1/9 : 16/9 4/9
2 1+ 41 ¢ 5/3 :2/3: 1 4 25/9 : 4/9 10/9
3 2 2 : ¥4 B/3 : 4/3 8 8 1 128/9 ¢ 32/9 64/9
4 i 2+ 44 :10/3 : 2/3: 8 8 : 200/9 :  8/9 40/9
£ r 6 @ +10 ¢ ' : 18 24 1 354/9 : 60/9 118/9
L, = —Le18) + 354/9 = 363/9
o 18
I, = —1(24) + 60/9 = 72/9
Y, 18
Px v = -Lc10) + 118/9 = 123/9
0'0 ~ 18
o114 2 4 FAR I
b's =5 +5+ A3) + 25 1
N - | 8 10 1
cirezea(d) )] -2
363 7\ 2 69
w2 {) -
Z 12 2_18
Ly=—g-06)" ==
- 123 _ 7 - _3
Py ="9 "8 (3) (1) 9
_3_e (22
9 9 \4 - 2i—)
tan o = 3 i
- 3y - 18 6
9 9
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.a= 9,6°

Y-AX/S
NMNA—~
I Sy ix—ﬂ,w.s
T NA
% !
////// 96°
- 1
L G ) (A o {E I o) ()
| 10 ()
9 g 9
= (.45

As contrast, TAR = 6/8 = 0.75 and BSR =0.61 from ASTM D 245.
Although TSR vyields the lowest value of strength ratio for the case
presented, BSR may be lowest in some other cases, but TAR will never
be lowest because it will always equal or exceed TSR.

APPENDIX 3
LOWER EXCLUSION LIMIT FROM PREDICTED VALUE

N
For the model Y =DbX, where Y is normally distributed and the vari-
ance of Y is proportional to X, Natrella= gives

3 ‘c *
bX + ¢ Vx’s2 + X% "
as the confidence interval for a single future observation of Y, where
X* = the independent variable associated with the observation, Y, b
= the least-squares regression coefficient of X, t = the Student t value
associated with the selected degree of confidence,

2 2
Y (£Y.)
g2 o L il A-) - [—i—
(n -~ 1) X, iX,
i 4|
g 2_ S
b X,
3

lNatrella, M. G. Experimental statistics. National Bureau of Standards Handbook 91.
U.S. Government Printing Office, Washington, D.C. 20402. 1963.
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n = number of sample observations of Y., X..

Jd

If the actual strength Y is cor}\sidered normally distributed Witt]\
respect to the predict/gd values Y, with variance proportional to Y
(see text, fig. 8), then Y takes or)\the role of X in the preceding forp\wulas.
Also, Y takes on the role of Y. Then specific predicted values Y* can
be substituted for X* and it follows that

b=1
IX, = IY, = JY
j j
v 2\ @y)?
2.1 : _
(n-1) Yj ZYj

and the lower exclusion limit (Yt) is

~d " * 2
Y =Y - ¢ 32 Y* (Y )
t + Y,

By definition,

Y, = (B + ZR.X.),
J o] ii“j

where Bixi = the product of the ithﬁ variable for the jth test specimen
and its least square regression coefficient. (B0 +S Bixi) may be

recognized as the general form for a prediction equation. The Y’s are
really nothing more than the least-squares estimates of the sample
Y's.

Therefore, the equation for the exclusion limit used in the text
(equation 3) is based on the following assumptions:

1) The set of test specimens used to establish the prediction equation
represents the population.

2) The tensile strength predicted for the jth specimen in the set of
test specimens is the same as the least-squares estimate of tensile
strength for that specimen.

3) The predicted tensile strength is an independent variable relative
to the actual tensile strength.

4) Actual tensile strength is normally distributed with variance
proportional to the predicted tensile strength.

The * has been dropped from the equation in the text for simplicity.

NOMENCLATURE

BSR =bending strength ratio

EL = long-span (15 feet) flexural stiffness

ES = short-span (4 feet) flexural stiffness

GL = full-length torsional stiffness

KAR = knot area ratio (fractional area of lumber cross section occupi-
ed by the projected area of a single knot)

TAR =tensile area ratio (residual area stressed in tension)

TSR =tensile strength ratio

31

3.0-32-5-72


jgodfrey
Line

jgodfrey
Line

jgodfrey
Line




