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Abstract

Lum, Taylor, and Zidek (2010 a,b,c) have proposed a revised procedure for wood species grouping
in ASTM standard D 1990. We applaud the authors’ recognition of the importance of considering
a strength distribution’s variability as well as its fifth percentile. However, we have concerns about
their proposed method of incorporating this information into a standard. We also provide both
theoretical and empirical arguments that suggest that revisions of the standard should not be based
on a two-parameter Weibull assumption.

1 Introduction

In 2008, the American Lumber Standard Committee Board of Review formed a North American
Lumber Properties Task Group to review the application and interpretation of ASTM structural
lumber standards. The subjects under review included species grouping, withdrawal of species from
existing species groups, the appropriateness of using parametric fits to censored tails of lumber
data, and issues with sampling representativeness. The charge of one of the task subgroups was to
investigate procedures that might be improvements over the currently accepted grouping procedure
that is based on nonparametric estimates of fifth percentiles. In this paper, we evaluate a proposed
procedure that is based on two-parameter Weibull fits to lumber strength data.

Two important wood properties are bending strength (modulus of rupture or MOR)) and stiffness
(modulus of elasticity or MOE). In the past, MOR populations have been modeled as lognormals or
as two- or three-parameter Weibulls. MOE populations have generally been modeled as Gaussians.
(See, for example, ASTM 2010a, Evans and Green 1988, and Green and Evans 1988.)

Design engineers must ensure that the loads to which wood systems are subjected rarely exceed
the systems’ strengths. To this end ASTM D 2915 (ASTM 2010a), and ASTM D 245 or ASTM D
1990 (ASTM 2010b,c) describe the manner in which “allowable properties” are assigned to popula-
tions of structural lumber. In essence, an allowable strength property is calculated by estimating a
fifth percentile of a population (actually a 95% content, one-sided lower 75% tolerance bound) and
then dividing that value by duration of load and safety factors. The intent is that the population
can only be used in applications in which the load does not exceed the allowable property.

It is often the case that lumber marketers want to assign a single allowable property to a
grouping of multiple species. Currently, ASTM D 1990 details procedures for determining this
shared allowable property. For strength properties, these procedures are currently solely focused on
the fifth percentile of an individual species or group of species. Lum, Taylor, and Zidek (2010 a,b,c)
and others (see, for example, Verrill and Kretschmann 2009) have noted that under the current



procedures, two strength distributions could share a fifth percentile and thus an allowable property,
and yet, if the populations had different variabilities, the associated probabilities of breakage at the
allowable property would differ. This is illustrated in Figure 1. The wide distribution has mean 1
and standard deviation .25. The narrow distribution has mean 1 — 1.645 x .25 + 1.645 x .05 and
standard deviation .05. The two distributions share a fifth percentile (1 — 1.645 x .25), and yet
it is clear visually that a value drawn from the wide distribution is more likely to fall below the
allowable property than a value drawn from the narrow distribution. (In fact, it can be shown that
a value from the wide distribution falls below the allowable property with probability .002 while a
value from the narrow distribution falls below the allowable property with probability 2.8E-15.)

Thus, an improved grouping procedure should take differing variabilities into account. In fact,
ideally, an improved procedure would focus on grouping based on similar probabilities of failure for
a given load distribution. Lum, Taylor, and Zidek (2010 a,b,c) have proposed a grouping procedure
that does take variability into account. (In their papers they emphasize that the proposal is a draft
proposal.) However, it is not based on probabilities of failure. Apparently, the authors felt that for
practical reasons, it was still necessary to base groupings on something like an allowable property
based on a fifth percentile divided by a duration of load and safety factor. As we will detail
below, they proposed to incorporate information about a population’s variability by calculating
an “adjusted fifth percentile.” For populations with a coefficient of variation (CV) above some
standard value (more variable populations), the adjusted fifth percentile would lie below the actual
fifth percentile. For populations with a coefficient of variation below the standard value (less
variable populations), the adjusted fifth percentile would lie above the actual fifth percentile.

We applaud the authors for their insight, but believe that their current proposal needs further
work (as expected given its draft status). We believe that their proposal is unsatisfactory for four
reasons:

1. Their current proposal still permits probabilities of breakage at allowable properties to differ
among species and among groups. In Section 4.1, we do describe a particular implementation
of their proposal that would address this problem. (This particular implementation is simpler
in conception and execution than their more general proposal.) However, in Section 4.2, we
note that equal probabilities of breakage cannot be guaranteed under all duration of load
conditions.

2. In Section 4.3, we discuss the fact that their proposal needs to be investigated for safety
consequences.

3. In Section 4.4, we note that the proposed procedure can still lead to unexpected results (the
probability of breakage of the “controlling” species at the allowable property can be less than
that of a non-controlling species).

4. The current proposal is based on an assumption of a two-parameter Weibull strength distri-
bution. Verrill, Evans, Kretschmann, and Hatfield (2012) demonstrate that if the full MOE,
MOR distribution is bivariate Gaussian—Weibull, then a subcategory based on machine stress
rated (MSR) values (or a normally distributed quality characteristic that is implicit in visu-
ally graded categories) will not be distributed as a Weibull. Instead, it will be distributed as a
pseudo-truncated Weibull (PTW). In Sections 5.2 and 5.3 we discuss empirical evidence that
actual MOR distributions are indeed PTW rather than Weibull. In Section 5.4 we discuss
simulations that we have conducted that demonstrate that breakage rate calculations that
are based on Weibull fits are susceptible to significant error if the strength distribution is
actually a pseudo-truncated Weibull.



Before proceeding with our analysis, we would like to clarify one point. We have spoken about
“probabilities of breakage at the allowable property” and about “similar probabilities of failure
for a given load distribution.” Ultimately, we would like to see (if possible) standards that assure
us that if a wood assembly’s environment (heat, moisture, biological, ... ) is drawn from a given
“distribution” and its load history is drawn from a given “distribution,” then if the members of
the assembly are drawn from a given species grouping, the probability that the assembly “fails”
(in terms of safety or, alternatively, serviceability) prior to a given time is less than a given value.
However, in the current paper, we are focusing on the probability that a piece of lumber breaks
when it is subjected to a load equal to the allowable strength property of the population from which
the piece is drawn. We will denote this probability by pp, and refer to it as “the probability of
breakage.”

We recognize that our “probabilities” cannot be taken entirely literally. Our probability calcula-
tions are mathematically correct, but they rely on simplified models that may not adequately reflect
the real world. Our paper is primarily an attempt to evaluate Lum et al.’s proposed fifth percentile
adjustment based on currently available data and models. As our data and models improve, our
probability estimates will also improve.

2 Aside

In connection to Figure 1, a reviewer of this paper noted 1) that the load is, of course, variable,
2) that strength populations are unlikely to have Gaussian distributions (the reviewer suggested
doing some modeling with lognormal strength and load distributions), and 3) that when variable
loads are included, the “unfair” advantage that a wide distribution is given when we group solely
on the basis of fifth percentiles is lessened. The reviewer felt that if we did some calculations
with lognormal loads and strengths (which are mathematically tractable), “you will conclude that
‘messing’ with the fifth/2.1 can’t be justified in the context of structural reliability or safety.”
One of our responses was that we were simply using Figure 1 to illustrate the obvious, but
sometimes overlooked point that a fifth percentile is not sufficient to characterize the behavior of a
population, and that if we group based solely on fifth percentiles, we are grouping on a basis that is
not justified from a reliability perspective. A second response was that we were evaluating a proposal
that made a Weibull strength assumption so, indeed, we would not be making a Gaussian strength
assumption in the remainder of the paper. A third response was that although full reliability
calculations must include a load distribution, we could gain insights into the proposed method
by evaluating the probability that a Weibull strength distribution would lie below an allowable
property. This makes the Weibull math tractable and leads to some elegant simplifications (see,
for example, Section 4) that permit us to gain a better understanding of the proposed method. A
fourth response is that the focus of this report is the proposed method for adjusting fifth percentiles
prior to grouping. Our purpose here is not to present a full throated defense of the argument
that grouping should be based on similar probabilities of failure given similar load distributions
rather than on similar 5th percentiles. In response to the reviewer, we did however, perform some
calculations based on the lognormal distribution. The details of the calculations are provided
in the Appendix. We wanted to check whether significant “unfairness” (significant differences in
reliabilities) continued to exist for “narrow” and “wide” distributions that shared the same fifth
percentile when we calculate probabilities of failure based on a load distribution rather than at a
fixed point (treating the allowable property as a “worst case”). The results from these calculations
are listed in Table 1, and the second row of Table 1 is illustrated in Figure 2. In line with the
suggestions of the reviewer, we assumed lognormal strength and load distributions. The reviewer



also suggested that we assume that the load distribution have a CV equal to 0.3, and that the
probability that the load was greater than the allowable property be 0.02. We considered fifteen
cases. In each case, the CV of the load distribution was taken to be 0.3. We let the probability
that the load exceeded the allowable property equal 0.01, 0.02, 0.05, 0.10, or 0.20. We let the
CV’s of the narrow,wide strength populations be 0.05,0.25 or 0.1,0.3 or 0.2,0.4. From Table 1, we
can see that for the conditions considered, the reviewer’s intuition is at least partially validated.
That is, the pp narr and pr wide values for the cases considered in Table 1 are closer than the
2.8E-15 and .002 associated with Figure 1. However, the results continue to suggest that equal fifth
percentiles do not in general lead to probabilities of failure that are so close that differences can
be neglected. Of course, this is hardly a comprehensive study of the issue. It could be argued, for
example, that strength distributions are not lognormal or Weibull but pseudo-truncated versions
of standard strength distributions (see Section 5). This might lead to small probabilities of failure
for both “narrow” and “wide” strength distributions and differences in these probabilities might
not be of practical importance. Also, we have compared distributions with highly diverging CV’s
(for example, 0.05 and 0.25). In practice, differences in strength distribution CV’s might be slight
enough so that differences in probabilities of failure will again not be of practical importance. We
leave further exploration of these issues to future papers.

3 The Proposal of Lum, Taylor, and Zidek (2010)

In essence, their proposal was

1. Strength distributions would be modeled as two-parameter Weibulls.

2. The controlling species in a group of species would be the one with the lowest pth quantile
for some pre-specified p.

3. The allowable strength property for a group would be x o5 aq; /2.1 where T 05,adj 18 the adjusted
fifth percentile of the controlling species. This adjusted fifth percentile would be a function of
the controlling population’s coefficient of variation and some standard coefficient of variation.
If a controlling population’s coefficient of variation were smaller than the standard coefficient
of variation, then the adjusted fifth percentile would be boosted up. If a controlling popula-
tion’s coefficient of variation were larger than the standard coefficient of variation, then its
fifth percentile would be adjusted down.

Here is a detailed description of their algorithm for calculating z g5 aq;-
Let (B be the shape and 1/ be the scale of the assumed Weibull strength distribution of the
controlling species. The pth quantile, x,, of this distribution is given by

p=1—exp (—(7 X ﬂﬁp)ﬁ)

or

zp = (=In(L —p))"/P/y (1)

Let By be the shape parameter corresponding to the standard coefficient of variation. (For
two-parameter Weibull distributions, the coefficient of variation is solely a function of the shape
parameter.)

Find the 7y that satisfies

p=1—exp (—(70 X xp)ﬁ")
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or
Y0 = (= 1In(1 = p))"/% [z, (2)
The adjusted fifth percentile is then given by
05 =1 —exp (=(70 X .05.007)")
or, using (2) and (1),
T05adj = ( ( 05))"/% /g

B 05) 1//30
N ln ‘In(1—p)

In(1 —.05)\ /% (—In(1 — p))V/8
- (Bis) )

and the corresponding adjusted allowable property is g5 a4j/2.1. (Note that the unadjusted fifth
percentile, x g5, is given by replacing p in (3) by .05.)

4 Performance of the Proposed Procedure

To evaluate the performance of this procedure, we calculate the probability that a piece of lumber
drawn from the controlling species population breaks when it is subjected to a load equal to the
allowable strength property of the species.
From (3) we have
pr = 1—exp(=(7 % 2.050/21)") (4)

(
= 1—exp (—(arg)’3>

n(l — 1/8077
g%%(H) ]x(—ln(l—p» 6)

In the next subsection, we will discuss a figure in which we plot log(pg;) versus g for a variety of
p’s. Somewhat surprisingly, these plots will appear to be linear. This is due to the fact that, for
the p’s and fA’s that we consider, arg? is “small” so

exp (—(arg)’3> ~1— (arg)?

where

or

1—exp (—(arg)ﬁ) ~ (arg)ﬁ

In (1 — exp (—(arg)ﬁ)>

1 In(1 — .05)\ /%
BXIH[N <ln(1—p)> ]
+ In(—In(1 — p)) (6)

which is a linear function of 5. (For unadjusted fifth percentiles, (6) becomes In(pp,;) &~ — In(2.1) x
B+ In(—1In(1 — .05)).)

and from (5),

ln(pBr)

&



4.1 Is the proposed procedure “fairer” than one based on unadjusted fifth per-
centiles?

In Figure 3, we plot the log base 10 of the probability of breakage of a (controlling) species at its
allowable load versus shape. The solid line represents the “current situation”—that is, the allowable
property is taken to be an unadjusted fifth percentile of a two-parameter Weibull divided by 2.1.
The long-dashed line represents the situation under the Canadian proposal when the quantile p
being considered is .005 and the baseline shape is 4.8. The short-dashed line represents the situation
under the Canadian proposal when the quantile p being considered is .001455766 and the baseline
shape is 4.8. The dotted line represents the situation under the Canadian proposal when the
quantile p being considered is .001 and the baseline shape is 4.8.

From Figure 3, we can see that a procedure based on an unadjusted fifth is unfair in that, under
it, populations with lower shapes (higher coefficients of variation) are permitted higher probabilities
of breakage at their allowable properties. The Canadian procedure is fairer as it jacks down the
permissible probabilities of breakage for shapes below 4.8 and increases them for shapes above 4.8.
As the quantile used in the procedure decreases, the slope of the line increases.

From Figure 3, we can also see that, under the proposed approach, it is possible to develop a “fair
procedure” that yields the same probability of breakage at the allowable property for all controlling
species. That is, given any baseline shape, [y, we can specify a corresponding p (0.001455766 for
Bo = 4.8) for which the pp, versus S curve is flat (the short-dashed line in Figure 3).

This can be demonstrated as follows. From results (4) and (5), we know that pp, will be a

constant function of 5 if
1\  /In(1 - .05)
il ) g
(2-1> g ( In(1 — p) > "

or
In(1 — p) = In(1 —.05)/2.1%
or
1 —p=exp (ln(l - .05)/2.1ﬁ0)
or

p=1—exp (ln(l - .05)/2.1ﬁ0) 8)

(As noted above, for baseline 5y = 4.8, this p equals .001455766.)
In this constant pp; case, from (4), (5), and (7), we have

per = l—exp (—(arg)ﬂ> ®)
= 1—exp(In(l —p))=p

That is, the probability of breakage in this “fair case” is just the p value that was used in the
proposed procedure. This tells us that in the “fair case,” the proposed procedure simply amounts
to choosing a p value and then stating that the allowable property associated with any controlling
species will be its pth quantile (so that the probability that any controlling species will break when
subjected to a load equal to its allowable property will be p).



4.2 Duration of load and inherent unfairness

Any procedure is inherently unfair. To understand this central point, consider the current situation.
Why is it “unfair” to narrower distributions? As illustrated in Figure 1, in a probability sense a
.05 quantile (fifth percentile) divided by 2.1 is farther down in the tail (“more standard deviations
below the mean” for a normal distribution) for a narrow distribution than for a broad distribution.
Thus the pg, (probability of breakage at the allowable property) for the narrower distribution at
its fifth/2.1 is smaller than the pp, for the broader distribution at its fifth/2.1. If instead, we use
the pth quantile of a distribution as its allowable property, then pg, would be the same (p) for all
distributions.

Howewver, as soon as specimens are subjected to duration of load and their strengths are reduced,
this “fairness” is likely gone. Now narrower distributions are likely to be favored. Gerhards (2000)
found that after 12.27 years under load, 16 of 50 No. 2 two by fours failed. The load was intended
to be the “10 year design load” of the distribution from which the two by fours were drawn, that is
x05/1.62. (The 1.3 factor for safety was not included, but this does not affect our conclusions. See
below.) He later concluded that the load was actually z 9s/1.62. (Again, this does not affect our
conclusions. See below.) He also calculated (by assuming that the original strength of the strongest
piece of lumber to fail was equal to the expected strength of the 16th order statistic of 50 from the
strength population) that the approximate load to strength value for the strongest piece of lumber
to fail was 0.442. If we assume that all pieces with load to strength ratios greater than 0.442 will
fail by 12.27 years, then we can calculate the probability of breakage after 12.27 years for loads set
to “fair” adjusted allowable properties at day O:

i 1
ppr = Prob <Initial Strength < x';‘r?’ladj X E)

_ T 05,adj 1\*
= 1 — eXp — "Y X T X E
= 1—exp (—(arg)ﬁ) (10)

where

(2.1)(442) ( (1 —p)

and, for By = 4.8 and a flat initial pp, versus g curve,

n(l — 1/Bo B
argﬂzl In(l '05)) ] x (~In(1 - p))

p = 0.001455766

In Figure 4, we replicate Figure 3 but also add the pp, versus 5 curve where pp; is calculated via
(10). Figure 4 demonstrates that after 12 years of load, the probability of breakage is no longer
“fair” — Pp, is no longer a flat function of the CV. Instead, it increases as CV decreases (as
increases).

4.3 1Is the proposed procedure “as safe” as one based on unadjusted fifth per-
centiles?

We can see from Figure 3 that implementing the proposed approach would (for at least some p
values) decrease the probability of breakage at the allowable load for species with shape values less
than the baseline shape. However, it would increase the probability of breakage at the allowable



load for species with shape values greater than the baseline shape. It is not immediately clear that
this would translate into a situation that is as safe as the current situation. (The species associated
with the highest probabilities of breakage at their allowable properties under the current system
would have these probabilities reduced under the proposal. However, are these species as common
as those whose probabilities of breakage would increase under the proposal?)

In Figure 5 we plot log base 10 of the ratio of the probability of breakage under the proposed
procedure to the probability of breakage under the current procedure versus controlling species
shape for a baseline of 4.8. As a reference, we also plot the log 10(ratio) = 0 line. (pp, under the
current procedure is just 1 — exp(In(1 — .05)/2.1%) and pg, under the proposed procedure is given
by (4).)

Obviously, the ratios begin below 1, increase to 1 at the baseline shape, and then continue to
increase. The increases can be quite large. (The minimum ratio in Figure 5 is .210 at controlling
species f = 2.6956 (corresponding to a CV of 40%). The maximum ratio in Figure 5 is 226 at
controlling species 3 = 12.154 (corresponding to a CV of 10%).) Thus, again, it is not immediately
clear that we would not be degrading our reliability by adopting the proposed procedure.

4.4 Anomalous behavior of the proposed procedure

Suppose that there are two species in the group, species A and species B. Further suppose that it
has been decided to base the procedure on the pth quantile, and that the pth quantile of species
A, z, A, lies below the pth quantile, z, B, of species B. Then species A is the controlling species.

Now suppose that p and the baseline shape, By, are chosen so that the pg, versus 3 curve is
flat. In this case, as demonstrated in Subsection 4.1 (see equation 9), ppr Ao = p and the allowable
property is just z, A. Since

Zp B > ZTp A = the allowable property

pBr,8 = prob(Xp < the allowable property)
= prob(Xp < zp )
< prob(Xp < zpB) =P = PBr,A

Thus, species B is at least as safe at the allowable property as the controlling species A.

However, suppose, instead, that p and the baseline shape, 3y, are not chosen so that the pg;
versus [ curve is flat. In this case, it is possible for the allowable property to lie below or above
Zp A, and undesirable behavior can result.

If the allowable property lies below x;,, A and species B has a broader distribution than species
A, it will be possible for pg;p to exceed ppra even though species A is the “controlling species.”
For example, for Sy = 4.8, p = 0.01, o = 6, yo = 0.00941, G = 3, y8 = 0.004, we have
allowable property = 33.0, zp o = 49.4, z, 8 = 54.0, ppr,a = 0.000899, and pg,;p = 0.00230. That
is, pr,B > PBr,A even though z, o < z, . The situation is depicted in Figure 6.

Similarly, if the allowable property lies above x, o and species B has a narrower distribution
than species A, it will be possible for pg; 5 to exceed pg;,a even though species A is the “controlling
species.” For example, for 5y = 4.8, p = 0.0005, o = 5, yao = 0.00929, B = 9, v = 0.017, we
have allowable property = 29.4, z, » = 23.5, x, B = 25.3, ppr,a = 0.00152, and pg,p = 0.00195.
That is, per,B > pBr,a even though z, A < z, 5. The situation is depicted in Figure 7.



5 Are strength distributions of grades of lumber two-parameter
Weibull?

The answer, both theoretically and empirically, is no.

5.1 The theoretical argument

This argument is based upon the process by which “bins” of lumber are produced. For example,
in the United States, construction grade 2 by 4’s are often classified into visual categories—select
structural, number 1, number 2—or into machine stress-rated (MSR) grades. In the case of machine
stress rated (MSR) grades, modulus of elasticity (MOE) boundaries are selected, the MOE of a
piece of lumber is measured non-destructively, and pieces are placed into categories based upon
the MOE bins into which the pieces fall. Because MOE and MOR are correlated, bins with higher
MOE boundaries also tend to contain lumber populations with higher MOR, values. However,
because the correlation between MOE and MOR is not 1, the MOR population corresponding to a
MOE bin is not a truncated Weibull. In Verrill, Evans, Kretschmann, and Hatfield (2012), we show
that if the joint distribution of the full MOE and MOR populations is bivariate Gaussian—Weibull,
then the strength distribution of the specimens in a MSR grade is a pseudo-truncated Weibull
(PTW), not a Weibull. In that paper, we obtain the density function of the PTW and develop
asymptotically efficient methods for fitting the underlying bivariate Gaussian—-Weibull. We note
that the arguments that apply to MSR lumber also apply to visually-graded lumber assuming that
there is an implicit quality measurement in the visual grading process that is analogous to the
MOE measurement in the MSR. process.

5.2 The empirical argument

Lum, Taylor, and Zidek (2010) reported that for species A (not revealed), number 2 lumber, the
estimated shape parameter increased from 3.1 to 4.1 to 4.9 as the data fitted went from full to
bottom 20 percent to bottom 10 percent. For species B (not revealed), number 2 lumber, the
estimated shape parameter increased from 2.9 to 3.7 to 4.5. For species C (not revealed), number 2
lumber, the estimated shape parameter increased from 2.4 to 4.1 to 4.9. That is, in all three cases
the estimated shape parameter increased as the censoring increased. Similarly, we fit 19 cells of
select structural and number 2 data that were obtained in the Ingrade Program (Evans and Green
(1988), Green and Evans (1988)). See Table 2. In 17 of the 19 cases considered, the estimated shape
parameter increased as the censoring increased (and the estimated scale parameter decreased as
the censoring increased). (We note that we were using correct censored data estimation techniques
in the censored data cases. See Cohen (1965) or ASTM D 5457 (ASTM 2011).)

We claim that these increases are evidence that these real strength distributions are not two-
parameter Weibull. Given the increase in slope estimates with increased censoring, statisticians
should immediately question the two-parameter Weibull assumption because if this assumption
were correct, maximum likelihood estimates of the shape parameter would be asymptotically un-
biased regardless of whether we were using censored estimates or full sample estimates. Thus,
there should be no systematic differences in the means of the shape estimates. We checked this
intuition via simulation. We generated 20 samples of size 1200 from a two-parameter Weibull with
shape parameter 3.701 (CV approximately equal to 30 percent). We then generated maximum
likelihood estimates of the shape parameter for the full data, the bottom 20% of the data, and
the bottom 10% of the data for each of the 20 samples. The 20 triples of estimates are reported
in Table 3. The means of the three estimates (full, bottom 20%, bottom 10%) were 3.72, 3.70,



and 3.76. Their standard deviations were .09, .19, and .27. This simulation does not suggest
that we would consistently see shape values increasing as censoring increases if we were truly fit-
ting a two-parameter Weibull. A listing of the program that produced Table 3 can be found at
http://wwwl.fpl.fs.fed.us/bivar3.html. See the testcens.f link.

Two additional checks of the two-parameter Weibull assumption can be made via probability
plots and goodness-of-fit tests. (See, for example, D’Agostino and Stephens, 1986.) In the upper
halves of Figures 8 and 9, we provide two-parameter Weibull probability plots of two of the 19 data
sets described in Table 2. In the lower halves of Figures 8 and 9 we provide Weibull probability
plots of generated two-parameter Weibull data. The generating scales and shapes were the fitted
values for the data sets plotted in the upper halves of the figures.

Notice the differences in the two sets of plots. In the upper plots the measured data has a
left-hand tail that is “short” compared to what one would expect if the data truly were Weibull
(hence the points lying above the line at the left side of the plot). This left tail shortness is what
one would expect from a pseudo-truncated Weibull. This left side shortness does not appear in the
generated two-parameter Weibull data displayed in the lower plots. We produced similar plots for
the other 17 data sets listed in Table 2. Fourteen of the 19 data sets displayed the left-tail shortness
for the observed data. Only two of the 19 generated data sets displayed any left tail shortness.

There was no corresponding right-tail shortness in the observed strength data. At first, this
might suggest pseudo-truncation at the left and none at the right. (This is correct for the SS data.)
However, while a two-parameter Weibull must have support that extends down to 0, and thus below
a PTW, there is no required upper extension, and it is possible that a best fit of a Weibull model
to pseudo-truncated Weibull data will involve a pulled-in Weibull right tail which can lead to data
points at or above the y = z line at the right side of the probability plot.

We also performed Cramér-Von Mises and Anderson-Darling goodness-of-fit tests of both the
observed and generated strength data. The results from these tests are displayed in Table 4. “NS”
denotes not statistically significant at a .25 level. “.25”, “.10”, “.05”, “.025”, and “.01” indicate
statistically significant at the listed levels. From these results, it is clear that the observed strength
data is not distributed as a two-parameter Weibull.

A listing of the program that produced the probability plots and performed the goodness-of-fit
tests can be found at http://wwwl.fpl.fs.fed.us/bivar3.html. See the weibpp.f link.

5.3 Empirical evidence of pseudo-truncated Weibull behavior

In Section 5.1 we noted that, provided that the full MOE/MOR population has a particular form of
a bivariate Gaussian- Weibull distribution, we can mathematically prove that the marginal MOR, dis-
tribution for MSR lumber is not Weibull. Instead, the marginal distribution is a pseudo-truncated
Weibull (PTW) where the distribution function of a PTW is derived in Verrill et al. (2012). We
also noted that this theoretical argument also applies to visually graded lumber.

In Section 5.2, we demonstrated that there is empirical evidence that the MOR distributions of
visual grades are not Weibull.

In this section, we establish that there is empirical evidence that the distributions of visual
grades of lumber share at least one characteristic of PTW distributions. In particular, here we
report results from simulations of PTW distributions that demonstrate that fits of two-parameter
Weibulls to PTW data yield the same pattern of increasing shape estimates (and decreasing scale
estimates) with increasing censoring that was observed (see Table 2) with actual visually graded
lumber.

We created simulated number 2 populations as follows:

1. Randomly generate 1,000,000 N(0,1)’s—MOEs—=z’s.
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2. Randomly generate 1,000,000 correlated normally distributed y’s via
yi = p X x; + /1 — p? x N(0,1)
where the N(0,1)’s in the equation are statistically independent of the x;’s.

3. Sort the z’s and bring along the corresponding ’s. (This models machine stress rating of
lumber.)

4. Treat the y’s that correspond to the top 600,000 z’s as number 2 and betters. Treat the
bottom 400,000 of this 600,000 as number 2’s.

5. Transform these normals to Weibulls by first transforming them to U(0,1)’s and then to
Weibulls. (We have done simulation studies that indicate that the correlation value between
the MOEs and the Weibulls remains essentially the same as the correlation between the two
sets of normals.) (Shapes were determined by CVs. Scales were chosen so that median values
were 100.)

Listings of the simulation programs are available at http://wwwl.fpl.fs.fed.us/bivar3.html.
See the num2sim.1m.2.f link.

We generated number 2 populations for four correlations between the underlying normals—
.50, .60, .70, .80—and three coefficient of variation (CV) values—20, 30, and 40. From each
generated population, we randomly drew (with replacement) 100 samples of size 400. For each of
these samples, we used linear regression and maximum likelihood techniques to fit two-parameter
Weibulls to the full sample, and to the bottom 20 and 10 percent of the sample. (Correct censored
data estimation techniques were used to fit the censored data. See Cohen (1965) or ASTM D
5457 (ASTM 2011).) We averaged the parameter estimates over the 100 fits. These averages are
reported in Table 5 and show the same pattern of increasing shape estimates and decreasing scale
estimates with increasing censoring that was reported for the MOR data discussed in Subsection
5.2.

5.4 If the strength populations are not really two-parameter Weibull, does it
matter?

In the subsections above we have provided theoretical and empirical evidence that MOR, sub-
populations generated via MOE or visual-grading binning do not have a two-parameter Weibull
distribution. Suppose, however, that we ignore this fact and proceed to fit such data with Weibull
distributions. Does this hurt us? After all, ultimately we are not interested in estimates of shape
and scale. Instead, we are interested in estimates of probabilities of breakage. If we fit a Weibull
distribution to PTW data, are we seriously misled about probabilities of breakage? In Tables 6-9
we report results from simulations performed to investigate this question. (A listing of the program
that produced these tables can be found at http://wwwl.fpl.fs.fed.us/bivar3.html. See the
pfsim4.f link.)

For four generating correlations—.50, .60, .70, .80—and three coefficient of variation (CV)
values—20, 30, and 40, we generated 10,000 bivariate Gaussian—Weibull data sets. These data data
sets were generated so that each yielded 400 specimens with a Gaussian value that lay between the
40th and 80th percentiles of the Gaussian distribution. This required approximately 1000 bivariate
Gaussian—Weibull pairs in each data set. For each of these 10,000 data sets we calculated:

1. A (theoretically incorrect) Weibull regression fit based on all 400 simulated pseudo-truncated
MOR data values.
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2. A (theoretically incorrect) Weibull regression fit based on the bottom 20% of the 400 simulated
pseudo-truncated MOR data values.

3. A (theoretically incorrect) Weibull regression fit based on the bottom 10% of the 400 simulated
pseudo-truncated MOR. data values.

4. A (theoretically incorrect) Weibull maximum likelihood (ML) fit based on all 400 simulated
pseudo-truncated MOR data values.

5. A (theoretically incorrect) Weibull ML fit based on the bottom 20% of the 400 simulated
pseudo-truncated MOR. data values.

6. A (theoretically incorrect) Weibull ML fit based on the bottom 10% of the 400 simulated
pseudo-truncated MOR data values.

7. A (theoretically correct) fit of the 400 bivariate Gaussian-Weibull data values binned by the
Gaussian value (the Gaussian member of the pair lies between the 40th and 80th percentiles
of the Gaussian distribution)

8. A (theoretically correct) fit of the first (not the lowest) 400 of the approximately 1000 un-
binned Gaussian-Weibull values

9. A (theoretically correct) fit of all of the approximately 1000 unbinned Gaussian-Weibull values

(The first six fits use correct methods. That is, they use censored data methods for censored data
and full sample methods for full sample data. They are “theoretically incorrect” fits because they
are based on the incorrect assumption that the data come from a Weibull population.) Each of
these fits yielded an allowable property (estimated fifth percentile divided by 2.1). In each case
we calculated the predicted probability that an MOR. would lie beneath the allowable property.
This value was calculated from the fitted distribution. In each case we also calculated the true
probability that an MOR would lie beneath the allowable property. This value was calculated
from the (known) generating bivariate Gaussian—Weibull. Information about the ratios of the true
“probabilities of breakage” (probability that a specimen has strength lower than the allowable
property) to the estimated probabilities of breakage is presented in Tables 6-9.

In column 1 of these tables we provide the generating coefficient of variation. In column 2 we
describe the type of fit. (These correspond to the nine fitting techniques listed above.) In column
3 we provide the median of the 10,000 ratios of true to estimated probabilities of breakage. A value
below 1 indicates an approach that is conservative at the median. However, as can be seen from
the remainder of the table, the median represents an insufficient summary. The remaining columns
list the fraction of the time that a particular technique had ratios of true to estimated probabilities
of breakage that lay in the intervals [0,.01], (.01,.02], (.02,.1], (.1,.2], (.2,.5], (.5,1), (1,2), [2,5),
[5,10), [10,50), [50,100), [100,00). Obviously, we could have chosen other intervals. However, our
main points are clear from the current tables:

e The Weibull fits (regression and ML) tend to be overly conservative. That is, true probabilities
of breakage can be much less than estimated probabilities of breakage.

e At the same time, the censored (20% and 10%) Weibull fits can be much more variable than
the correct bivariate Gaussian—Weibull fits with the result that they can occasionally yield
highly non-conservative fits. That is, the actual probabilities of breakage can be much greater
than estimated probabilities of breakage.
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e If the joint MOE/MOR distribution is truly bivariate Gaussian—Weibull, we can obtain better
estimates of the probability of breakage by taking the same number of specimens from the
full distribution than by restricting ourselves to binned values. (Compare the PTW 400 and
PTW trunc results.)

6 Conclusions

We have evaluated a proposed method for combining wood species into groups with similar strength
properties. We commend the authors of the proposal for recognizing the importance of considering
a strength distribution’s variability as well as its fifth percentile. However, we have concerns about
the proposed implementation:

e The proposed procedure will reduce the allowable properties of more variable populations
and increase the allowable properties of less variable populations. However, unless we choose
the p and [y tuning parameters to yield a flat probability of breakage versus 8 curve, there
will still be “unfairness” in the allowable property calculations. That is, the probability of
breakage at the allowable property will depend on a population’s CV.

e [f we do tune the procedure to ensure a flat probability of breakage versus g curve, then the
procedure simply amounts to choosing a p value (e.g., .01 or .001) and taking all controlling
species’ allowable properties to be their pth quantiles.

e However, as we demonstrated in Section 4.2, if we achieve “fairness” via this method at one
time, the “fairness” will disappear as the lumber is subjected to duration of load.

e We also noted that although the proposed procedure could reduce the probabilities of breakage
associated with more variable species, it will increase the probabilities of breakage associated
with less variable species. Thus, we are not assured (without further work) that an imple-
mentation of the procedure would preserve current safety levels.

e Currently the proposed procedure makes use of the Weibull distribution to obtain estimates
of allowable properties. We have demonstrated that MOR. grade populations are not Weibull
distributed and that we can obtain poor estimates of probabilities of breakage at allowable
properties if we make a Weibull assumption.

Given these issues, a great deal of additional work would need to be done before the proposed
procedure could be accepted for implementation as part of an ASTM standard. Having said this,
we do support continued work by Lum, Taylor, and Zidek (and others) in this area. Ultimately,
if we want to take a reliability based approach to species grouping, the grouping cannot be based
on a single parameter of a strength distribution (the fifth percentile) given the simple fact that
strength distributions cannot generally be characterized by single parameters.

We note that our work also suggests that it would be worthwhile to investigate whether full
joint MOE/MOR populations truly have a bivariate Gaussian—Weibull distribution. If so, we could
exploit this fact to obtain more accurate and precise estimates of probabilities of failure. (However,
we fear that given the mixture nature of lumber populations, it is likely that no “simple” joint
distribution is appropriate for modeling a full population of MOE/MOR pairs.)
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8 Appendix

In this Appendix, we describe the manner in which we created Table 1 and Figure 2. None of the
mathematics is novel. We describe it in some detail simply because this permits easy replication of
our work, and because this highlights the facts that we need two constraints to characterize a two
parameter strength or load distribution, that specifying a fifth percentile of a strength distribution
does not permit us to calculate a probability of failure, and thus that equality or similarity of fifth
percentiles alone should not be a basis for grouping.

8.1 Characterizing a lognormal distribution from its CV and its fifth percentile

By definition, a random variable X is distributed as a lognormal(y, o?) if In(X) is distributed as a
normal(y, 02). Thus, characterizing the lognormal is equivalent to determining the two parameters
u and o. For a lognormal distribution, it can be shown that

CV = y/exp(c?) — 1
or
In (1+CV?) =0” (11)

Thus, for lognormals, the parameter o can be calculated from a knowledge of the (alternative
parameter) CV.
Now let z g5 denote the fifth percentile of the lognormal. Then

Prob (LN(u,0?) < z.05) = 0.05

or
Prob (N(u,0?) < In(z.g5)) = 0.05
or
Prob <N(0, 1) < %) =0.05
or
In(z.05) —p _ »=1(.05)
g

where ® denotes the N(0,1) cumulative distribution function. Thus,
1= In(zg5) — o x ®~1(.05) (12)

From results (11) and (12), we see that we can calculate the two parameters p and o of a
lognormal distribution from a specification of its fifth percentile and its coefficient of variation.
Thus, in our calculations for Table 1, we were able to fully characterize the “narrow” and “wide”
lognormal strength distributions by specifying a shared fifth percentile (we arbitrarily choose x o5 =
50 — the specific shared value does not matter because different values simply amount to changes
in scale) and the CV’s of the narrow and wide strength distributions.
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8.2 Characterizing a lognormal distribution from its CV and the probability
that a value randomly drawn from the distribution exceeds a particular
value

Next, we claim that we can characterize a lognormal load distribution by specifying its CV and
the probability, ¢, that it lies above the allowable property (given that we have previously specified
T.05)-

From (11) we know that we can obtain a value for its o parameter from its CV. We calculate
its u parameter as follows.

Prob (LN(u,0%) < 7.05/2.1) =1 —¢

or
Prob (N(u,0?) < In(z05/2.1)) =1 —g¢
or
Prob <N(0, 1) < ln(”%/:'l) - “) =1-¢
or
1H($.05/02-1) “H g1 —q)

Thus,

p=In(z05/2.1) =0 x ®~'(1 - q) (13)

So, assuming lognormality of both the load and strength distributions, specifying the shared
(in our case) x g5, the CVs of the narrow and wide strength distributions and the load distribution,
and the probability that the load distribution lies above the allowable property permits us to fully
characterize the load and strength distributions (that is, we can calculate their parameters p and
o).

Finally, we note that if X7 is distributed as a LN(u1, 07) and X» is distributed as an independent
LN(uo,032), then

Prob(X; < X;) = Prob (LN(MQ,UZ < LN(u1,07))
= Prob (N(u2,03) < N(Ml,al))
= Prob (N(u2,03) — N(u1,07) < 0)
= Prob (N(u2 — p1,01 + 03) < 0)

- & (M) (14)
Voi+ o2
Result (14) permits us to calculate, for example, the probability that a random value drawn from a
wide lognormal strength distribution falls below a random value drawn from the load distribution,
that is, the probability of failure for pieces of lumber drawn from the wide distribution when they
are subjected to the load distribution.
At http://wwwl.fpl.fs.fed.us/bivar3.html, we provide listings of FORTRAN and S ver-
sions of a program that we developed to utilize equations (11) — (14) to produce Table 1 and Figure
2. See the narr.wide.f and narr.wide.s links.
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‘ CVs of narrow and wide ‘ q ‘ Pp narr ‘ pr wide ‘ pp ratio

.01 | .21E-6 | .89E-6 .23
.02 | .82E-6 | .25E-5 .33
.05, .25 .05 | .B57E-5 | .11E4 .b4
10| .28E-4 | .35E-4 .79
.20 | .16E-3 | .14E-3 1.17
.01 | .15E-6 | .22E-5 .07
.02 | .57E-6 | .54E-5 A1
.10, .30 .05 | 37E-5 | .20E-4 .19
10| .18E-4 | .58E-4 31
.20 | .10E-3 | .20E-3 .01
.01 | .38E-6 | .11E4 .036
.02 | 12E-5 | .22E-4 .054
.20, .40 .05 | .60E-5 | .62E-4 .096
10| .23E-4 | .15E-3 153
.20 | .10E-3 | .40E-3 .254

Table 1: ¢ is the probability that the load lies above the allowable property. pr narr is the prob-
ability that a value drawn from the narrow strength distribution falls below a value drawn in-
dependently from the load distribution. pr wide is the probability that a value drawn from the
wide strength distribution falls below a value drawn independently from the load distribution.

pr ratio = (pr narr)/(pr wide).

17



lumber sample | censored | shape estimate scale estimate
species size grade size size censored | full | censored | full
DF 2x4 SS 414 60 5.664 4.618 10.474 | 11.074
DF 2x8 SS 493 60 4.066 3.747 8.051 | 8.446
DF 2x10 SS 414 60 4.980 3.985 7.083 | 7.866
DF 2x4 2 386 60 5.121 3.017 6.612 | 8.728
DF 2x8 2 1964 196 4.462 2.597 4.530 | 6.384
DF 2x10 2 388 60 5.188 2.436 3.712 | 5.682
HF 2x4 SS 428 60 5.902 4.571 8.908 | 9.420
HF 2x8 SS 375 60 5.495 4.242 6.715 | 7.508
HF 2x10 SS 368 60 4.858 4.251 6.295 | 6.425
HF 2x4 2 406 60 5.076 2.897 5.580 | 7.336
HF 2x8 2 372 60 4.229 2.717 4.630 | 5.859
HF 2x10 2 361 60 4.944 2.796 3.717 | 4.913
SP 2x4 SS 413 60 6.280 4.606 10.926 | 11.989
SP 2x8 SS 626 62 4.339 4.625 9.870 | 9.262
SP 2x10 SS 413 60 6.172 6.321 8.279 | 7.864
SP 2x4 2 413 60 4.722 2.783 7.135 | 8.888
SP 2x6 2 413 60 4.541 2.647 5.650 | 7.866
SP 2x8 2 1367 136 4.552 2.764 4.955 | 6.967
SP 2x10 2 412 60 4.256 3.469 5.630 | 6.441

Table 2: Maximum likelihood estimates of the shape and scale parameters for both censored and
full data sets.
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| full | bottom 20% [ bottom 10% |

3.70 4.05 4.14
3.68 3.68 4.13
3.74 3.67 3.76
3.58 3.61 3.73
3.91 3.91 3.88
3.59 3.81 4.09
3.81 3.97 4.07
3.82 3.95 3.96
3.67 3.61 3.45
3.81 3.89 3.55
3.64 3.68 3.82
3.65 3.77 3.76
3.84 3.78 3.93
3.70 3.60 3.41
3.57 3.65 4.11
3.75 3.55 3.36
3.74 3.47 3.65
3.69 3.46 3.51
3.70 3.51 3.41
3.75 3.33 3.50

Table 3: Maximum likelihood estimates of the shape parameter from simulated two-parameter
Weibull data with shape parameter 3.701.
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lumber sample | Observed data | Generated data
species | size | grade | size |CVM | AD | CVM | AD
DF 2x4 SS 414 .10 .05 NS NS
DF 2x8 SS 493 NS NS NS NS
DF 2x10 SS 414 NS NS NS NS
DF 2x4 2 386 .25 .10 NS NS
DF 2x8 2 1964 .01 .01 NS NS
DF 2x10 2 388 .01 .01 NS NS
HF 2x4 SS 428 .05 .01 NS NS
HF 2x8 SS 375 .05 .05 NS NS
HF 2x10 SS 368 .10 .05 NS NS
HF 2x4 2 406 .01 .01 NS NS
HF 2x8 2 372 .01 .01 NS NS
HF 2x10 2 361 .01 .01 .25 .25
SP 2x4 SS 413 .05 | .025 .25 .05
SP 2x8 SS 626 .05 | .025 .25 NS
SP 2x10 SS 413 .01 .01 NS NS
SP 2x4 2 413 .01 .01 NS NS
SP 2x6 2 413 .01 .01 NS NS
SP 2x8 2 1367 .01 .01 .10 .25
SP 2x10 2 412 .10 .25 NS NS

Table 4: Cramér-Von Mises and Anderson-Darling goodness-of-fit tests of both observed and gen-
erated data.
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shape estimate | scale estimate
p | CV | data reg | MLE reg | MLE

all | 7.040 | 6.861 | 108.5 | 108.6
20 | 20% | 7.368 | 7.556 | 107.6 | 106.8
10% | 7.414 | 7.691 | 108.2 | 106.5
all | 4.500 | 4.382 | 113.6 | 113.7
50| 30| 20% | 4.756 | 4.826 | 112.3 | 111.1
10% | 4.887 | 5.001 | 112.9 | 109.7
all | 3.283 | 3.209 | 119.4 | 119.7
40 | 20% | 3.505 | 3.504 | 116.4 | 115.9
10% | 3.602 | 3.698 | 117.4 | 112.3
all | 7.759 | 7.403 | 108.8 | 109.0
20 | 20% | 8.601 | 8.635 | 106.4 | 106.2
10% | 8.834 | 9.065 | 106.4 | 105.0
all | 4.930 | 4.726 | 113.8 | 114.1
.60 | 30| 20% | 5.400 | 5.415 | 110.3 | 110.0
10% | 5.552 | 5.662 | 110.4 | 107.9
all | 3.610 | 3.448 | 119.7 | 120.2
40 | 20% | 3.977 | 3.979 | 114.5 | 1144
10% | 4.099 | 4.164 | 113.7 | 111.6
all | 8.700 | 8.170 | 108.7 | 109.0
20 | 20% | 9.820 | 9.772 | 106.2 | 106.2
10% | 10.137 | 10.309 | 106.1 | 105.0
all | 5.597 | 5.255 | 114.1 | 1145
701 30 | 20% | 6.452 | 6.341 | 109.3 | 109.7
10% | 6.723 | 6.749 | 108.8 | 1074
all | 4.063 | 3.820 | 120.2 | 120.7
40 | 20% | 4.651 | 4.565 | 113.3 | 114.2
10% | 4.818 | 4.911 | 112.3 | 110.2
all | 10.303 | 9.430 | 108.7 | 109.0
20 | 20% | 12.392 | 12.222 | 105.2 | 105.5
10% | 12.918 | 12.977 | 104.7 | 104.3
all | 6.607 | 6.014 | 114.1 | 114.6
80| 30| 20% | 8.139 | 7.935 | 107.5 | 108.3
10% | 8.490 | 8.533 | 106.3 | 106.0
all | 4.761 | 4.359 | 119.8 | 120.5
40 | 20% | 5.639 | 5.610 | 1124 | 112.7
10% | 5.877 | 5.897 | 110.9 | 110.5

Table 5. Maximum likelihood and regression Weibull parameter estimates for PTW data as a
function of correlation, coefficient of variation, and censoring.

21



“101ARY9q 007 MId URY) JOTARYS( 9SIOM,, dJ0USP S, | “I01ARYa(q SUNI} AT, UeY)
(JOTART[O( 9SIOM, d)OTIP S, (G UOIIB[DII0D SUIJeIOUSS IIM [[NGIIAA -TRISSNEY) 9)RLIRAI] © I0] 10 1dd /o1 1dd 10] serouanbai] :9 9[qeT,

0000° 0000 | 0000" | 0000 1000 | 081" | 8I8¥ 1000° | 0000° | 0000 0000 | 0000° | 10T 000T MId
0000 0000 | 0000" |  0000° 1200° | 9%2S" | 9%9%" | 2€00° | 0000° | 0000 0000 | 0000" | 20T 007 MILd
0000° 0000 | 0000 | }€o000" | +9¥so | 6T6% | €2FF | 1 6S00° | 0000 | 0000 0000 | 0000" | 70°T oy MId
0000° 0000 | +41100° | 148200° | $428€1° | 2€0F | ©68¢" | +42290° | 142000 0000" | 141000’ 0000 | L0'T 0T/ATIN/ M
0000° 0000° | 0000 | +x6000° | +x9€90° | €62F | €IGF" | L4l¥S0° | 141000° | +41000° 0000° | 0000 | 66 02/TTIN/M | 0F°0
0000° 0000 | 0000" | 0000 1000° | $690° | 8.%8° | +424280° |  0000" | 0000 0000° | 0000 | 0L IV/dTIN/ M
0000° 0000° | 1x£200° | +4GTT0° | 1+E81T" | 60€E" | 12T | +x€F2T° | 149000° | 0000 0000° | 0000 | ¥6° 01/399/ M
0000° 0000° | 0000 | +52200° | 159080 | 128¢° | $0SF" | 14880T" | 142000° | 0000 0000° | 0000 | 26 03/394/ M
0000° 0000 | 0000" |  0000° T100° | S00%° | GEPL | L48%G0° | 0000 | +x1000° 0000 | 0000 | 08 1v/394/m
0000° 0000 | 0000 | 0000° | 2000 | C0€S" | 269 1000° | 0000° | 0000 0000 | 0000° | 20T 000T MId
0000 0000 | 0000 | 0000" | 2020° | €F1S° | 8S9GF" | @600 |  0000° | 0000 0000 | 0000" | €0°T 007 MILd
0000° 0000" | 1 #000" | | 8%00° | | 6201 | 69€F | T#EF | + 6610° 0000° 0000° 0000° 0000" | SO'T ounty MId
0000" | 441000 | 145900 | 148720° | 146921 | $2¥€ | $08€" | L4811 | 146100° | 142000 0000 | +41000° | 60°T 0T/ATIN/ M
0000° 0000° | 1 €000" | 10200 | +x990T | 96L& | SL0%" | 148T0T" | L4¥000° | +41000° 0000" | +41000° | 66 02/TTIN/M | 0€°0
0000 0000 | 0000 | 0000" | 2000 | 2€¥0° | 8292° | 148881° | 0000° | 0000 0000° | 0000 | #9° IV/dTIN/ M
141000° | +4€000° | 1x0600° | +462€0° | 1LE8PT" | €997 | 166" | $x6861° | 1x2600° | 0000 0000° | 0000 | 16° 01/399/ M
0000° 0000 | +48000° | 14x2600° | +482TT | 160€° | 198¢" | $49TLT | 14€C00° | 141000 0000° 0000" | 06° 03/394/ M
0000 0000 | 0000 |  0000° TT00° | 8GLT" | €101 | +4€12T | 142000° | $42000° | +141000° | 0000 | ¥ IV /394U/M
0000° 0000 | 0000 | 0000° | 8P00° | $STIS | €LLF° | G200° | 0000° | 0000 0000 | 0000° | 10T 000T MId
0000 0000 | 0000 | €000° | 0£90" | ¥69%° | L0€F" | 99€0° | 0000° | 0000 0000 | 0000" | 70'T 007 MILd
0000° 0000° | 18800 | | ¢80 | o181 | 6258 | TE6E | t LF90° 0000° 0000° 0000° 0000" | 90°T ounty MId
1£2000° | 142200 | 1488€0° | 14S190° | ;48761 | 0¥FT | S19Z° | +50LL1 | +42€20° | 148100 0000° 0000" | OT'T 0T/ATIN/ M
0000° 0000" | }¥go0 | Logzo | L espT | €062 | 828€° | LLOFST | 140810° | 149000 0000° | 0000 | €6 02/TTIN/M | 0870
0000 0000 | 0000 | 0000 | 0000 | 2820° | 820G | 142997 | 141200° | 142000 0000 | 0000 | 19 IV/dTIN/ M
146200 | 142F00° | 1482€0° | 148260° | L a6¥T | 2S6T° | ¥HET | LiPLET | 146290° | 148210° | 141000 | 0000 | 98 01/394/ M
141000° | 149000 | $41110° | L487€0° | L STFT | #9€C | 088T | +460¥C | Li¥¥H0° | Lk TH00° 0000° 0000 | #8° 03/394/ M
0000 0000 | 0000 | 0000" | 8200 | 86T | T199¢ | 14€86Z | +48200° | 142000 0000 | 0000 | 29’ IV /394/M
(00 ‘001] | (00T ‘08] | (0S‘0T] | (0T 'C] (cel | @1 | (1°¢) | [e'z) | [e‘1) | [17'207) | [g0"‘107) | [10° ‘0] | oryex *dd 1T | AOD
seruanbay oryer 1Hd uerpow




JOTART[a( 9SIOM

9

“101ART9q 0% MILJ TR} IOTARYQq 9SIOM, 90Udp S, "Iotavyaq ounI) M T,J TRy}
, 90U S, "9 UOIIR[OLI0D SUIILIOUAS [IIM [[NGIIAN -URISSIRY) dJRLIPAI] © I0] 098 /o138 105 saouanbor] :), 9[qe],

0000 0000 | 0000 | 0000 | 1000 | 981¢ | ZISF" | 1000° | 0000 | 0000 0000" | 0000° | 10T 000T MId
0000 0000 | 0000 | 0000 | ST10° | @gle | @89%" | 1800 | 0000° | 0000 0000" | 0000" | 20T 007 MILd
0000 0000 | 0000 | }gzoo | }<er80° | ee¥b | @8FF | L 88TO° | 0000 | 0000 0000° | 0000° | 70'T oy MId
0000 0000 | +47200° | Leb€10° | $528PT | 1628 | 2648 | 148880 | 14£000° | 141000 0000° | 0000 | SO'T OT/ATIN/ M
0000’ 0000 | 0000" | L o0t100" | 1 2290" | 0188 | 9%9%" | L4¥#S80° | 149000 | 142000 0000° | 0000 | ¥6° 0a/dATN/M | 070
0000 0000 | 0000 | 0000 | 0000 | £€800° | 96€9° | L14618¢" | 141000° | +41000° 0000° | 0000° | &S V/dTIN/ M
0000 0000 | +59700° | 148910° | 148621 | €70€ | 8F8E" | +4128T | 145200 | 141000 0000" | 0000 | 26° 01/394/ M
0000 0000° | 1x£000° | 140700 | $x2880° | 9¢€¢ | 02€F | +4868T° | 140200 | +41000° 0000 | 0000° | 06 0%/399/ M
0000’ 0000 | 0000 | 0000 | @000" | 080T | T2¥L | Le@¥PT" | 14S000° | 00007 0000° | 0000 | 69° 1V/394/m
0000 0000 | 0000 | 0000 | 8000° | 69T1S" | $ISF | 6000° | 0000 | 0000 0000" | 0000° | 10T 000T MId
0000’ 0000 | 0000 | 0000 | T1€0° | €66F | 2E€SP | ¥910° | 0000 | 0000 0000° | 0000" | €0°T 007 MILd
0000° 0000" | 1100° | | 9210 | L P0ET | 616€ | 9FIF | { 9670 0000° 0000° 0000° | 0000 | SO'T ounty MId
0000" | 441000 | 149200° | 146080° | 152821 | €01€ | 6T8E" | +488€T | 148500 | 142000 0000° | 0000 | SO'T 0T/ATIN/ M
0000 0000" | L 7000" | L ¢p00" | L Q160" | TTPE | LITF | 148291 | 141€00° | 1410000 0000° | 0000 | 16 02/TTIN/M | 0€°0
0000 0000 | 0000 | 0000 | 0000 | ¢#00" | S68& | 149%09° | 149100° | 141000 0000° | 0000 | 9% V/dTIN/ M
14€000° | 149000 | $42810° | 142S€0° | 14G8PT | SPFT | €208 | $42688 | 1x0020° | 1x9000° 0000° | 0000 | 88 01/394/ M
0000 0000° | +50200" | L er10" | L6211 | 2¥8T | 0L9€ | 14860T° | 1482T10° | +41000° 0000° | 0000° | &8 0%/399/ M
0000’ 0000 | 0000 | 0000 | 0000" | 0690° | ST1€9" | 142862 | 149000 | 142000’ 0000° | 0000 | 09° 1V/394/m
0000 0000 | 0000 | 0000 | 9210° | 886% | 6187 | 900" | 0000 | 0000 0000" | 0000° | 10T 000T MId
0000’ 0000 | 0000 | 000" | 9¥80° | 9T¥F | L6TF | ¥£S0° | 2000 | 0000 0000° | 0000" | €0°T 007 MILd
12000 | 42000 | L¥1g0" | 196g0" | f 6291 | Gr6c | SPRE | 4 12T | L TTOO 0000° 0000° | 0000 | SO'T ounty MId
141100° | 146100 | $46S€0° | 142090° | $4G8LT | ¥61¢ | Le¥T | +5¥600 | 148850 | 112007 0000° | 0000° | 66° 0T/ATIN/ M
0000" | 12000 | tggoo | L8r10° | L2ogr | 16T | TLee | fse¥Pe | 1498€0° | 1iFT00° 0000" | 0000° | 64 02/TTIN/M | 0870
0000 0000 | 0000 | 0000 | 0000° | 6000° | 201" | 142862 | 148201 | L4g100° 0000° | 0000 | 1€ IV/dTIN/ M
148€00° | 142€00° | 1290 | 148%G0° | L €T | 02LT | #80T° | +x1€9T | 140060 | +42280° 0000 | 0000° | 8. 01/399/ M
1 1000° | 42000 | 11gr0" | | 2620° | 180T | 120% | S09% | 1«SPLT | 148890 | 14ST0° 0000" | 0000 | €. 0%/399/ M
0000’ 0000 | 0000 | 0000 | @000" | 92€0° | 195€" | 141928 | 1487€0" | 142000 0000 | 0000° | ¥ 1V/394/m
(o ‘001] | (001 08] | (0¢‘0T] | (0T °¢] (¢el | (') | (t1'e) | [eg) | [g‘1T) | [17°207) | [20" ‘10°) | [10" ‘0] | oryer *dd 1 | AOD
soruanbay oryer 1dd URIPOUL




JOTART[a( 9SIOM

9

‘1017%Y9q )07 M.LJ TRy} IOIARYQ(Q 9SIOM, 9)j0Uap S| “Ioraeyeq ouniy A\ I,J Uey)

, 90U S, ")) UOIIR[OLI0D SUIRIOUAS [IIM [[NGIIAN -URISSIRY) dJRLIPAI] © I0] 098 /o138 105 sarouanbor :g d[qr],

0000° 0000 | 0000" | 0000 1100° | $918° | 128F | %000 | 0000° | 0000 0000 | 0000° | 10T 000T MId
0000° 0000 | 0000" | 0000 1€20° | 2€0S° | S€9%° | 20T10° | 0000° | 0000 0000° | 0000 | 20T 00¥ MId
0000° 0000" | {8000 | 2200 | Legrr | 120% | ¥8CH | t 08%0° 0000° 0000° 0000° 0000" | €0°T ounty MId
0000° 0000 | +41€00° | 1x0910° | $486€T | 12HE | 948¢" | 1498€T | 142200° | 141000 0000° 0000° | 00°T OT/ATIN/ M
0000 0000" | 1 1000" | 1 g100" | t 1090 | 950¢ | 6TL¥ | 1428ST" | 149100 | 141000 0000° | 0000 | €8 0a/dATN/M | 070
0000° 0000 | 0000 | 0000° | 0000° | 0000" | S6T1" | 146898 | 14GT10" | 141000 0000° | 0000 | ¢ IV/ATIN/ M
0000 | 141000 | $52900° | 140920 | L4«1T€T | 8%92° | 08S¢ | 14£602° | +40600° 0000 0000° 0000 | L8 01/394/ M
0000° 0000 | 4 €000 | 1 %900° | | 9680 | 238% | 0STF | 446961 | 1xG900° | 0000° | +47000° | 0000 | €8 0%/399/ M
0000° 0000 | 0000 | 0000 | 0000" | €120° | 0€SS | L«6%2F | 148000° | 0000 0000 | 0000 | €9 1V/394/m
0000° 0000 | 0000 | 0000° | 2€00° | €€1S | L08F" | €200 | 0000° | 0000 0000 | 0000° | 10T 000T MId
0000 0000 | 0000 | 0000" | 290" | OTLF | 0S€F" | €F€O° | 0000 | 0000 0000° | 0000 | €0°T 00¥ MId
} 1000° 0000° | 12200 | ¢gszo | Logsr | 1HEe | o1lg |+ 2¥0T | 1 Q000 0000° 0000° 0000" | 70°T ounty MId
0000" | 449000 | 146€10° | 1x0P€0" | 146%ST | 28T | TEIE | 146902 | +42810° | 145000 0000° | +41000° | 26 0T/ATIN/ M
0000° 0000" | 1 7000° | 1 gg00" | } 2690 | #8¥T | 9207 | LL0%ST | L«2F10° | 142000 0000° | 0000 | ¥2° 02/TTIN/M | 0€°0
0000° 0000 | 0000 | 0000° | 0000° | 0000" | 6£20° | 1x206L° | 149781 | 148000° 0000° | 0000 | LT IV/ATIN/ M
L#000° | 1461007 | $4€120° | LeF0P0" | L €8€T | 080T | 1692 | +4¥992 | +420S0° | L« 1900 0000° 0000° | 6. 01/394/ M
0000° 0000° | 4 €200" | L6%10° | L8101 | #6228 | 9288 | $x99.Z° | 1xSP€0° | L46T00° 0000° 0000" | €4 0%/399/ M
0000° 0000 | 0000 | 0000 | 0000" | 2600° | ST8Z" | 146289 | 146520" | 142000 0000° | 0000 | 1% 1V/394/m
0000° 0000 | 0000 | 0000° | 6820° | 0S6% | 8LGF" | €8T0° | 0000° | 0000 0000 | 0000° | 20T 000T MId
0000 0000 | 000" | 8%00° | FLIT | 90TF | 16L& | 8980 | 8000° | 0000 0000° | 0000 | SO'T 00¥ MId
1 ggoo | fow00 | L 18%0° | 199g0" | | 08LT | €98 | ¥69% | 6881 | t8g10" | | %000 0000° 0000" | 20°T ounty MId
1 8100° | 1x2700° | 1 €0F0° | 148260° | L 06%T° | 0T8T | 9G1¢ | 148882 | 148280 | 14¥#820° | 14£000° 0000° | 18 0T/ATIN/ M
0000° 0000" | } 1600° | L ¥%10° | 8180 | 889T | 98.T° | 140T8¢ | 146860 | L4¥020" 0000° | 0000 | ¢ 02/TTIN/M | 0870
0000° 0000 | 0000 | 0000" | 0000° | 0000" | ST00" | | 8TST" | 142609 | 146562 | 141000 | 0000 | €T IV/dTIN/ M
141900 | 14£900° | 1596¢0° | L ggco | L 9ozT | 0ZPT | T6LT" | 14882T | 141621 | 142620° | 14100 | 0000 | #9° 01/399/ M
} 1000° | {6000 | +op10" | | 9zgo L90T" | ST9T" | #92C° | +4668T | L«F8T1T" | 14£050° | 142000’ 0000" | 9¢° 0%/399/ M
0000° 0000 | 0000 | 0000 | 0000" | 6000° | G950° | 146228 | L4862¢ | LiGE0" 0000 | 0000 | ¥¢’ 1V/394/m
(2001] | (001 ‘0¢8] | (0c‘01] | (0T g (cel | @1 | (1°¢) | [e'z) | [e‘1) | [17'207) | [g0"‘107) | [10° ‘0] | oryex *dd 1 | AOD
soruenbay oryer 1dd URIPOUL




JOTART[a( 9SIOM

9

“101ART9q 0% MILJ TR} IOTARYQq 9SIOM, 90Udp S, "Iotavyaq ounI) M T,J TRy}
, 90U S, ‘(8" UOIIR[OLI0D SUIILIOUAS [IIM [[NGIIAN -URISSIRY) dJRLIPAI] © I0] 98 /o138 105 soouanbor :6 [qRT,

0000 0000° | 0000 | 0000° | ¥£00° | 2ET& | L€8%° | L000° | 0000 | 0000 0000 | 0000° | 10T 000T MId
0000 0000 | 0000° | €000° | LL%0° | €98F" | €1FF | F¥PTO' | 0000° | 0000 0000° | 0000" | 70°T 007 MILd
0000° 0000" | +9%00° | + 6820 | 66T | 8gze | eere | Lot | {0100 0000° 0000° 0000" | €0°T ounty MId
0000" | +4€000° | 142900° | {6220 | L ¢9g1" | €8SC | 16€€ | 14082Z | $49210° | +49000° 0000° 0000° | ¥8° OT/ATIN/ M
0000’ 0000" | 12000 | 19100 | 2gb0" | 2061 | 61gF | 1x082€ | 1x6610° | Lx1100° 0000° | 0000 | #9° 0a/dATN/M | 070
0000 0000 | 0000 | 0000° | 0000° | 0000 | 9000° | +x2182 | 142899 | Li¥6¥0° 0000° | 11000 | LT’ V/dTIN/ M
L7000° | $48000° | L4#€10° | 1x0620° | L %221 | 0412 | 1263 | 142828 | 1x02¥0" | 142200° 0000° 0000 | 92 01/394/ M
0000° | 14x1000° | L %100° | {2600 | + 2720° | G812 | 919¢" | 1«€10¢" | LkL1€0° | +4GTO0° 0000° | 0000 | 69° 0%/399/ M
0000’ 0000 | 0000 | 0000° | 0000° | 9000 | 9€80° | 148ST8" | 1x2660° | 1+£000° 0000 | 0000 | 1€ 1V/394/m
0000 0000 | 0000 | 0000° | 99TO° | S86%" | €9.%° | 9800° | 0000 | 0000 0000 | 0000° | 10T 000T MId
0000’ 0000° | 0000 | 9100° | T160° | ¥82%" | FEIF | 290" | €000 | 0000 0000 | 0000" | €0°T 007 MILd
12000 | 16000 | +06z0° | Lozeo | ti6AT | L¥ST | @l6g | L weLT | L 11107 | 4 $000° 0000° 0000" | 70°T ounty MId
L2000 | 11100" | L8910 | L 2ggo | L 1STT | 6%8T | €99Z° | +4198C | +42220° | 1xG810° | t41000° 0000° | 89° 0T/ATIN/ M
0000 0000" | 1 z000" | 19200 | 89£0° | ¥2ET | 8987 | LxSLTF | L8801 | li£STO° 0000° | 11000 | 9% 02/TTIN/M | 0€°0
0000 0000 | 0000 | 0000° | 0000° | 0000 | 000" | LE€10° | 1.88%¢ | 1.0TFY° 0000° | 11000 | 60° V/dTIN/ M
140100° | 14£€00° | 1590€0° | 4 2260° | L 9v1T | 99CT" | 281C | Li¥#628 | Lx@l1T° | 148€70° | 141000 0000 | 09° 01/394/ M
0000" | 12000 | | ggoo | fopTO" | 8%L0° | 6TST | L29T | LiFTe | Lk0PTT | 1480€0° 0000° 0000" | 1S 0%/399/ M
0000’ 0000 | 0000 | 0000° | 0000 | 0000" | 6900 | L+&S0¥" | 1.€81¢" | 148690 0000 | 0000 | 8T’ 1V/394/m
0000 0000° | 0000° | ZT0O" | €GL0° | L8€%" | €2€¥ | F®LS0° | TO0O' | 0000 0000 | 0000° | 10T 000T MId
0000’ 0000° |  ¥200° | 6610° | 891" | 00€€ | S62€ | 9€FT | 9900 | 2000 0000 | 0000" | 70'T 007 MILd
1 #810° | fop10 | L 6%80° | L0820 | GqST | 1691 | 8981 | L9661 | 1 0zL0° | | g120r 0000° 0000" | 60°T ounty MId
F w200 | 42200 | L opeo | 1 26€0° | 2F60° | T9TT | 2291 | +48922 | +4l2ST | 1498GT° | 141800 | 14S100° | 1# 0T/ATIN/ M
0000 0000 | 6T00° | 2F00° | 26T0° | 100" | 18€T" | 149862 | 1.89¢z" | 1xl21z | 140L00° | 14¥000° | €T 02/TTIN/M | 0870
0000 0000 | 0000° | 0000° | 0000° | 0000° | #000" | 9000° | 9000° | 1,829¢ | 1.298¢" | Li¥¥¥0" | 20° IV/dTIN/ M
116000 | Lzotor | L 1ov0 | 4 28¢0° | ¥€60° | S660° | 9921 | L €661 | LL9TPT | 146€0T | 148€20° | 141800 | ¢ 01/399/ M
12000" | 1 6000° | LOTTO" | €8T0° | 220" | 1960° | @8PT" | 1,9€82" | 149€8T" | 142912 | 149210° | 149200 | LT 0%/399/ M
0000 0000 0000° 0000° | 0000° | 0000" | 2000 L600° | Li#9eT | Leg0e8 | 14€220° | 149000 | 90° 1V /394/M
(0‘pot] | (0oT‘0g] | (0g‘or] | (or‘el| (sl | (@D | (1°¢) | [e‘g) | [g 1) | [17°207) | [20"‘107) | [10"‘0] | oryex *dd 1 | AOD
soruanbay oryer 14d URIPOUL




Probability density
4
|

0.0 0.5 1.0 15 2.0

Figure 1: The two normal distributions have the same 5th percentile, but different variabilities.
Thus, under the current system, the two distributions would share an allowable property (AP), but
the probabilities associated with the region to the left of the allowable property differ between the
two distributions.
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Lognormal densities
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Figure 2: The two lognormal strength distributions have the same 5th percentile, but CVs 0.05
and 0.25. The lognormal load distribution has CV 0.30 and it exceeds the allowable property with
probability 0.02. The vertical lines are at the shared allowable property and shared fifth percentile
of the strength distributions.

27



>
b}
o
o
o [N
O LTI ONG
c_% .................................
N I AU
g ©
=
S o0 -
> T e
X
®
© 9
0 <
S U N R
o
£ 001455766
R -—- .005
% — current
s ©
S w0
— |
<
IS | | | | l
) ° 8 10 1

Shape parameter

Figure 3: For a given baseline shape, the Lum-Taylor-Zidek procedure permits one to choose a
quantile probability p so that the probability of breakage at the allowable load does not change
with the shape of the controlling species. For a baseline shape of 4.8, this p value is .001455766.
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Figure 4: In this plot, we have reproduced Figure 3 and have added a line that represents the
probability of breakage when we begin with the flat “fair” case and then subject the pieces of
lumber to load z g5 44j/2.1 for 12.3 years. (Based on work of Gerhards (2000).)
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Figure 5: Dashed line — the log base 10 of the ratio between the probability of breakage at the
allowable property under the proposed procedure to the probability of breakage at the allowable
property under the current procedure when the baseline shape (fp) is 4.8 and the quantile p value
is 0.001455766. Note that the new procedure is conservative compared to the current procedure
for B < By. However, it is non-conservative compared to the current procedure for g > ;.
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Weibull densities
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Figure 6: This depicts a case in which we have x, » < , g and yet pp, 8 > ppr.a. Here, population
A is [ess variable than population B. See the text in Section 4.4 for details.
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Weibull densities
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Figure 7: This depicts a case in which we have x, » < z, g and yet pp, 8 > ppr.a. Here, population
A is more variable than population B. See the text in Section 4.4 for details.
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Ordered data
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Figure 8: Upper plot: observed Ingrade MOR. data. Lower plot: generated 2-parameter Weibull
data.
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generated hf, 2x10, no. 2

Figure 9: Upper plot: observed Ingrade MOR. data. Lower plot: generated 2-parameter Weibull

data.

2 4 6 8
Weibull scores (cdfr(—=1)((i — .3)/(n + .4)))
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