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Abstract

A vast wood resource exists in our Nation’s wood-framed
building infrastructure. As the buildings in this infrastructure
age and are remodeled or removed for redevelopment, the
wood framing residing in these buildings has the potential to
be recovered for reuse. However, little technical information
exists on the residual engineering properties of reclaimed
dimensional lumber.

Our study was undertaken to quantify the engineering
strength and stiffness of dimensional Douglas-fir 2-by lum-
ber recovered from building dismantlement or deconstruc-
tion. These data can serve as a basis for establishing formal
recognition of this resource in current grading rules and
engineering design standards.

Keywords: lumber, salvaged, reclaimed, deconstruction,
engineering properties
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Conversion table

To convert from To Multiply by
inch (in.) millimeter (mm) 254
foot (ft) meter (m) 0.3048
1b/in’ pascal (Pa) 6.8948 x10°
acre ha 0.4047
English unit Formula SI unit

temperature (°F) [Tp—32)/1.8 temperature (°C)

Billion and trillion are used as defined in the U.S. System as 10°
and 10", respectively.
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Executive Summary
Background

A vast wood resource exists in our Nation’s wood-framed
building infrastructure. When buildings or other wood struc-
tures reach the end of their useful life, the structural lumber
and timber can be salvaged and reused in new construction
and remodeling. Little technical information exists on the
residual engineering properties of this lumber. To what ex-
tent the damage found in reclaimed lumber (resulting from
original construction, a lifetime of use, and the dismantle-
ment process) affects lumber strength has not been
quantified.

Objective

The primary objective of this paper is to quantify the engi-
neering properties (most importantly bending strength and
stiffness) of full-size 2-by lumber reclaimed from buildings
slated for demolition. This paper also documents lumber
clear-wood strength as well as the effect of various forms
of damage on lumber bending strength, including edge-nail
holes, face-nail holes, and splits.

Procedures

Lumber was salvaged from buildings to be demolished at
four different locations. The collected lumber was graded
on-site by a lumber grading supervisor. Two grades (Select
Structural and No. 2) of three sizes (2 by 6; 2 by 8; and

2 by 10) were returned to the Forest Products Laboratory,
Madison, Wisconsin, for laboratory testing. Several
thousand pieces of lumber were graded to yield the

1,078 full-size pieces tested. This lumber was tested in
bending to determine modulus of elasticity (MOE) and
modulus of rupture (MOR). Lumber characteristics (knots,
slope-of-grain, checks, etc.) and damage (nail holes, bolt
holes, splitting, etc.) were quantified for each piece. Small
clear bending specimens were also cut (where possible)
from the failed lumber. These were tested according to
ASTM standards to determine clear-wood strength.

Results and Conclusions

The following was found from the testing and analysis of
reclaimed Douglas-fir lumber:

The mean bending strength of full-size Douglas-fir lumber
was found to be about 25% lower than in-grade test data of
the same species. Mean stiffness was about 10% higher than
in-grade test data. Existing size-effect equations are appli-
cable for reclaimed lumber. No geographical location effect
was found for the four locations tested. Nail holes reduced
MOR when they were closely spaced or if they had created
further splitting, primarily when located at the high-stress
tension edge. In testing this reclaimed lumber, shear failures
were found to be relatively common though the bend-

ing strength of this lumber was higher than lumber failing
at knots. Compared with lumber that has damage as the
grade-determining defect, the frequency of lumber failures
involving damage were less common, suggesting that grad-
ing may be too conservative regarding damage. In addition,
lumber failing at points of damage exhibited higher bending
strength than lumber failing at knots.

Results of mean bending strength of clear wood and mean
specific gravity were essentially the same as that from his-
torical data. Mean MOE was about 10% greater than that of
historical data. Differences in MOR between geographical
groups of lumber from different locations can be explained
by differences in specific gravity.

Recommendations

The following recommendations are made about regrading
and reuse of salvaged lumber:

* Reclaimed lumber should be regraded before reuse. Grad-
ing rules, and possibly design guidelines, should formally
recognize this material and provide guidance regarding
appropriate reuse.

* Any requirements for reuse should recognize the imprac-
ticality of identifying the exact species of each piece of
2-by lumber salvaged and accommodate some degree of
species mixing.

* In design, regular edge-nail holes should be placed in the
compression zone, or away from the highest tension zone.
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Background

During the last century, millions of residential homes,
commercial and industrial buildings, bridges, and other
structures have been built from sawn lumber and timber.

As these structures age, lumber will become available for
reuse (through remodeling or deconstruction). Since the turn
of the 20th century, over 3 trillion board feet of lumber has
been produced in the United States (Falk and others 2003).
Much of this lumber still resides in our aging building in-
frastructure. Wood buildings are regularly coming out of
service because of functional or conditional obsolescence

or both, and demolition is typically the disposal method of
choice. The U.S. Environmental Protection Agency esti-
mates that the equivalent of 250,000 single-family homes
are demolished each year in the United States (EPA 1998).
By recovering the structural lumber alone in these buildings,
over 1 billion board feet of usable lumber (after estimated
recovery losses) could be reused rather than landfilled

(Falk 2002). This volume represents about 3% of our current
annual softwood harvest (Howard 2001).

Maximizing reclaimed lumber has positive environmental
effects. First, more fully utilizing reclaimed lumber will re-
duce the volume of waste destined for landfills. Second, the
reuse of building products reduces the volume of new build-
ing products that need to be produced and the associated
production of greenhouse gases. Finally, the reuse of lumber
will help conserve our natural resources and ease harvesting
pressure on the existing forest resource.

Lumber Grading

To assure satisfactory performance in construction appli-
cations, structural lumber of a specific species is graded
into quality classes at the saw mill. Grading agency rules
contain grading criteria that are used to visually (or me-
chanically) sort lumber into quality classes. These criteria

include specific limits on the size and location of strength-
reducing characteristics such as knots, splits, checks, and
slope-of-grain. To determine appropriate end-uses for the
various quality grades, ASTM D 1990 engineering testing
is performed on full-sized lumber (ASTM 2002). These test
results are used to establish engineering design properties
(e.g., strength, stiffness) and assure that the lumber will
perform satisfactorily when used in a particular applica-
tion. The various lumber grades are typically indicated by a
lumber grade stamp that allows each piece to be individually
sold and allows lumber’s widespread acceptance by engi-
neers, architects, and building officials at the building site.

Because existing grade criteria have been developed for
lumber fresh from the saw mill, the current rules do not
specifically address some characteristics commonly found
in reclaimed lumber, such as multiple nail holes and dam-
age from long-term use or damage from the dismantlement
process. The damage found in reclaimed lumber takes many
forms and is a result of original construction, a lifetime of
use, and the dismantlement process. To what extent these
characteristics affect lumber strength has not been quanti-
fied, and limitations in the existing grading rules can result
in reclaimed lumber being unnecessarily downgraded or
disallowed for reuse.

Establishing a grade stamp specific to reclaimed lumber
will allow each piece to be individually sold and accepted
at building sites. Currently, lumber and timber are regularly
salvaged from industrial buildings for use in timber-frame
construction. For the most part, the reclaimed structural
lumber and timber used in timber-frame construction is re-
graded and individual engineering designs are approved by a
licensed engineer. Because 2-by lumber is more ubiquitous,
it would be more practical to develop a grade stamp specific
to reclaimed 2-by lumber so that each regraded piece can be
individually sold.



Previous Research

Very little research has been performed on reclaimed dimen-
sional lumber. Limited testing by Falk and others (1999c¢)
suggested that reclaimed Douglas-fir lumber may have dif-
ferent engineering properties than today’s sawmill-produced
lumber. Because the lumber tested in the 1999 study was a
mixture of species and grades, group sample sizes were too
small to make definite conclusions at other percentiles. Falk
and others (1999b) also examined the effect of damage on
the grade yield of lumber reclaimed from military barracks
and found that accounting for deconstruction damage re-
duced lumber quality by about one grade.

Non-destructive methods have been used to evaluate the
elastic modulus of in-place floor joists (Lanius and others
1981), and the clear-wood strengths of 85-year-old roof
trusses were examined by Fridley and others (1996). Small
clear specimens cut from truss members showed no differ-
ence in compression parallel-to-grain and flexural properties
compared with historical data. However, these studies did
not include destructive testing of full-size lumber to deter-
mine strength and stiffness.

Other studies have examined the mechanical properties of
larger dimension timbers. Testing 8-in. by 8-in. columns of
55-year-old timber revealed compressive strength and mod-
ulus of elasticity (MOE) to be greater than current National
Design Specification for Wood-derived values (NDS 2001,
Falk and others 2000). Another study determined that large
heart checks reduced mean bending strength of 6-in. by
8-in. reclaimed Douglas-fir timbers by about 15% but had
no effect on stiffness (Green and others 2001). Rammer
(1999) also found that splits and checks have a considerable
effect on the residual shear strength of reclaimed timbers.
The data reported in this paper originated, in part, from
Maul (2004).

Selection of Lumber for Testing

This research effort involved a sampling plan designed to
test reclaimed Douglas-fir lumber of various size, quality,
geographical locations, and prior uses. Current methods

to derive design properties for visual grades of commer-
cially produced solid sawn dimension lumber are outlined
in ASTM standard D 1990 (2000). This standard suggests
testing two grades of lumber (separated by no more than
one grade) and three sizes (with no more than 4 in. nomi-
nal depth between sizes). Ideally, 360 specimens should be
tested for each size-grade cell for statistical confidence.

The three sizes of lumber tested in this study were

2 by 6, 2 by 8, and 2 by 10. These sizes were thought to

be the most likely sizes for reuse given their common us-
age in single-family home construction. Though a 2 by 4
size is very common, we thought that it was less likely that
this size would be reused in large-scale structural applica-
tions because of the high incidence of nail damage to these
relatively small profile members. At the larger end, 2 by 12s
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could have been tested; however, we thought that this size is
not as common in home construction as the three sizes cho-
sen, and therefore chose not to test it.

ASTM D 1990 also suggests testing two grades of lumber,
separated by one grade, so we chose Select Structural (SS)
and No. 2. The lumber was collected from four building
deconstruction sites and had been used as floor joists, roof
rafters, wall members, stringers, and collar ties. Several
thousand pieces of full-size lumber salvaged from decon-
struction were graded to yield the 1,078 pieces of No. 2 and
SS tested. Lumber that had been painted was not included in
this study.

Locations

The collection of lumber for this project was more problem-
atic than for most lumber studies. Because building decon-
struction is not yet a universal practice throughout the Unit-
ed States, it was difficult finding a large quanity of lumber
in a particular geographic area during the research project.
For this reason, we acquired lumber from deconstruction
projects that were active during the period of the project,
despite these projects not being as geographically diverse as
we originally hoped.

Lumber could have been obtained from the deconstruc-

tion of single-family homes or from the wide array of reuse
centers and small deconstruction projects across the country
(Falk and Guy 2005). However, the small number of pieces
available from any one such source would severely limit the
statistical conclusions to be drawn from the resulting test
data. For example, the deconstruction of a single residential
home may only yield 50 pieces of full-size lumber available
for grading. After grading, only a few pieces might end up
in each cell. Because decommissioned military bases offered
relatively large buildings that were the same age, type, and
purpose, they were ideal targets for this study. The build-
ings were typically larger than a single residential home and
yielded a greater number of lumber pieces for a given size—
grade cell.

The lumber tested in this study was collected from decon-
structed buildings at four sites: (1) barracks and warehouse,
Fort Ord, Marina, California; (2) warehouse, Oakland Naval
Supply Center, Oakland, California; (3) military housing,
University of Washington Campus, Seattle; (4) warchouses,
Twin Cities Army Ammunition Plant (TCAAP), New
Brighton, Minnesota. All buildings were wood framed and
had been built in the early 1940s in preparation for World
War II.

Fort Ord

A pilot deconstruction project of a two-story barrack

(Fig. 1) and a light-framed warehouse at the Fort Ord Army
base in Marina, California, yielded 2 by 8 floor joists and
stringers and 2 by 6 roof rafters. Loading was likely very
light, consisting of the dead load of floor and roof systems
and coverings as well as intermittent light live load from
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Figure 1—Single story Army barrack, Fort Ord, Marina,
California.

foot traffic; snow in the region is extremely rare. At Fort
Ord, we tested 370 pieces of lumber:

Size Grade  Quantity

2by6 No.2 98
SS 12

2by8 No.2 220
SS 40

The lumber quantified is a subset of the lumber that served
as the basis for the 1999 lumber grading study by Falk and
others (1999b).

Oakland Naval Supply Center

Two groups of lumber were retrieved from buildings at the
Oakland Naval Supply Center in California. These build-
ings, approximately 65 years old, served as warehouse and
light manufacturing space at this World War II-constructed
facility. Wall studs (2 by 6) as well as roof joists (2 by 10)
were removed by deconstruction crews (Fig. 2). Roof load-
ing was most likely limited to the dead loads of roofing ma-
terial and miscellaneous hanging mechanical and electrical
equipment, as snow is almost nonexistent in this area. The
exterior wall studs bore the dead load of the wood-framed
roof, wind loads, and possibly earthquake loading from
intermittent quakes. However, no damage or overstress

was apparent in the structure from which the lumber was
salvaged. We tested 313 pieces of lumber from the Oakland
Naval Supply Center:

Size Grade  Quantity

2by6  No.2 16
SS 47

2by 10 No.2 53
SS 197

Figure 2—2 by 6 wall studs from the Naval Supply Cen-
ter warehouse, Oakland, California.

Twin Cities Army Ammunitions Plant

The Twin Cities Army Ammunitions Plant (TCAAP) is
located in New Brighton, Minnesota, on a 2,383-acre site
and originally had 255 buildings. Construction began in
1941 and ammunitions production for World War II began
in early 1942. Roof joists were collected for our study from
one of the industrial wood-framed buildings (Fig. 3). The
roofs from which the joists were collected were flat and
subjected to heavy Minnesota snow loads, as well as dead
loads consisting of the roofing materials and miscellaneous
mechanical, electrical, and plumbing equipment that hung
beneath. Only 2 by 10s were available from the TCAAP.
The 170 pieces of 2 by 10 lumber tested includes previously
tested lumber from Falk and others (1999c¢):

Size Grade  Quantity

2by 10 No.2 53
SS 117
Total 170

University of Washington

The final group of lumber tested in this study came from the
University of Washington in Seattle. Old university housing
units, once used for the U.S. Army, were dismantled and the
lumber collected (Fig. 4). All members were either roof raf-
ters or floor joists. Loading was likely very light, consisting




Figure 3—Twin Cities Army Ammunition Plant (TCAAP)
warehouse, New Brighton, Minnesota, before decon-
struction.

Figure 4—University of Washington housing units,
Seattle.

Figure 5—Crew grading lumber from University of
Washington housing units, Seattle.
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of the dead load of floor and roof systems and coverings as
well as intermittent light live load. We tested 225 pieces of
lumber at the University of Washington:

Size Grade  Quantity

2by6 No.2 20
SS 36
2by8  No.2 43
SS 2

A total of 1,078 pieces of full size lumber were tested at all
locations:

Size Grade  Quantity

2by6  No.2 134
SS 95
2by8  No.2 387
SS 42
2by 10 No.2 106
SS 314
Total No. 2 627
SS 451
Grand total 1,078

Grading Tested Lumber

After removal from the buildings, all lumber was evaluated
on site, where possible, by a WCLIB grading supervisor and
followed Standard No. 17 Grading Rules for West Coast
Lumber (WCLIB 2000) (Fig. 5). The lumber was graded as
Structural Joists and Planks. Basically, all lumber salvaged
from the buildings was screened first for length. Ideally,
pieces of the following lengths were selected for testing:

2 by 6, 10 ft; 2 by 8, 12 ft; and 2 by 10, 14 ft. This provided
the length necessary for end trimming (considered in grad-
ing) and resulted in a 17:1 span-to-depth ratio as required by
testing standards (ASTM D 198 (2000)).

Some characteristics found in reclaimed lumber are not
specifically addressed in the published grading rules. For
example, the allowable number of nail holes in a particular
piece is not specified. Though the grading rules do limit

the size of a “hole” (from any cause) in the same category
as Unsound or Loose Knots, there is no guidance on the
equivalency of multiple nail holes and a particular size knot
hole. Importantly, no information exists to suggest that a
particular number of nails (concentrated or distributed) have
the same effect on lumber failure as an unsound knot.

In addition to the grading rule descriptions, the lumber
grader was asked to evaluate damage from deconstruction.
For example, splits that obviously occurred from dismantle-
ment (indicated by the fresh break) were noted, as was end
damage from prying members from the building. The grader
used his best judgment about the effect of nail holes on
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Table 1—Species of No. 2 and SS-grade lumber tested
Location Totals
Species Fort Ord UW?® TCAAP® Oakland »n (%)
Douglas-fir 318 226 123 313 980 91
Larch 11 11 <1
Hemlock 12 15 27 2
Sugar pine 4 4 <l
White pine 3 3 <l
Western yellow pine 12 14 26 2
Sitka spruce 15 15 1
Western cedar 3 3 <1
Figure'6—RecI.aimed 2 by 10 lumber is tes.ted White fir 1 5 3 <1
on a Riehle Universal Twin Screw test device
at the Forest Products Laboratory, Madison, Eastern yellow pine 6 6 <1
Wisconsin. Total 376 226 171 313 1,078 100

*University of Washington, Seattle.
® Twin Cities Army Ammunition Plant, New Brighton, Minnesota.

grade. Also, mechanical gouging was equated to established
wane requirements. An evaluation of the effects of this dam-
age on grade yield can be found in Falk and others (1999b).
Damage found in the end 12 in. of each board was ignored.

Species Identification

One major difference in lumber obtained directly from a
sawmill and lumber from salvage is the assurance of spe-
cies uniformity. Lumber from a sawmill typically originates
from a single species stream as identified by the bark, nee-
dles, and geographic origin of the tree. On the other hand,
salvaged lumber comes from a building that may contain

a mixture of species that could be a result of the original
building material supply chain or remodeling and repair (or
both). Unless a grade stamp exists (which in our experience
with this World War I1-era lumber is often infrequent), spe-
cies uniformity cannot be guaranteed. Also, visual identifi-
cation to confirm species presented a potential problem with
reclaimed lumber because some of the lumber was dirty or
discolored. Though 1,078 pieces of lumber were collected
and graded as Douglas-fir, species identification by the
USDA Forest Products Laboratory’s Wood Identification
Unit determined that only 980 actually belonged to this spe-
cies. Table 1 indicates the other species present. Note that
species variation only occurred in lumber salvaged from
Fort Ord and Minnesota. Lumber from the University of
Washington and Oakland was exclusively Douglas-fir. In
total, over 90% of the lumber salvaged was Douglas-fir.

Moisture Content

Field measurement of lumber moisture content (MC) using
a moisture meter was made periodically. The MC of several
hundred pieces was measured and ranged from 8% to 14%.
This is a very reasonable finding, as the outdoor equilibrium
moisture content in the West and Midwest is about 12%.

Testing Methodologies
Full Size Bending

Pretest Procedure

Upon completion of visual grading and specimen numbering
on site, the lumber was transported to the Forest Products
Laboratory and stored in a covered location. Most lumber
had all nails removed before shipment from the deconstruc-
tion site; however, many required trimming to a consistent
length. All lumber was stickered and stacked in a humidity-
controlled room for several weeks prior to testing. This
room was maintained at 75°F and 65% relative humidity
(12% equilibrium MC).

Board identification numbers were logged and dimensions
of each piece (length, width, and depth at center of span)
were measured. Nail holes were counted over a designated
length to calculate average spacing. We made extensive lab
notes and included information on damage and natural de-
fects, including location in the test span, size, and type. The
Appendix shows a data collection sheet used for each speci-
men. Static modulus of elasticity (MOE), modulus of rup-
ture (MOR), specific gravity (SG), and MC were determined
for each full-size test specimen.

Bending Tests

Static bending tests followed ASTM D 198 (2000); how-
ever, the speed of the test was modified so failure occurred
in approximately 1 min, rather than the 10 min specified in
the standard.

Each board was tested in a Richle Universal Twin Screw test
device shown in Figure 6. Using a 10,000-1b. hydraulic ac-
tuator, each board was tested on edge in third-point bending



Table 2—Failure code descriptions

Failure

code Failure type Comments

1 Tension (wood) Type

2 Tension (knot) Type, size, damage involved?
3 Tension (damage) Type of damage

4 Tension (slope of grain) Slope, damage involved?

5 Compression Type, damage involved?

6 Horizontal shear Type, damage involved?

7 Invalid test Specify

8 Other Specify

until failure. A constant displacement of 2 in. per min result-
ed in failures initiating in approximately 1 min. Electronic
instrumentation included a 10-kip capacity Honeywell Sen-
sotec load cell (Honeywell Sensing and Control, Columbus,
OH), and a linear variable differential transducer (LVDT).
The LVDT was attached to a yoke suspended between nails
driven in at the neutral axis above the two reaction points.
The LVDT stem was then attached to a nail driven in at the
center of the board at the center of the test span. This setup
measured the deflection of the center of the piece relative

to the end supports. Where possible, boards were tested at

a span-to-depth ratio of 17:1. Some boards were not long
enough to achieve this ratio, and were tested at slightly
lower ratios (15:1). Corrections to the data were made to
account for these lower ratios.

During testing of the Oakland 2 by 10 lumber, a load-cell
error was discovered that affected 49 pieces of lumber. As
indicated in appendix C of Maul (2004), a review of the
load-cell calibration curves and a statistical analysis of the
data allowed the development of an error-correction factor
so that the data could be salvaged.

Post-Test Procedure

We established a code for describing the various failure
types (Table 2) and after each test, we assessed the type of
failure and recorded a determination whether or not dam-
age was involved in the failure. Failure types were grouped
according to the mechanics of the failure (tension, compres-
sion, and horizontal end shear). The board was then sawn
into manageable lengths and a section of the board saved for
cutting a small clear specimen for future testing (Fig. 7). A
moisture block was cut from the failed board shortly after
testing to calculate MC and SG per ASTM D 4442 (2007)
and ASTM D 2395 (2000), respectively. After determining
MC, this moisture block was given to the FPL Wood Identi-
fication Unit for determination of species. A photograph of
failure was also taken of every board. A 3-ft-long section of
the board centered at the failure was cut for future strength—
ratio grading.
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Figure 7—Tested lumber marked for cutting small clear
specimens.

Figure 8—Small clear specimens are tested in center-
point bending.

Small Clear Bending
Pretest Procedure

Preparation of small clear specimens followed the second-
ary method of static bending in ASTM D 143 (2007). After
cutting to the specified 1-in. by 1-in. by 16-in. size, the
specimens were placed in a humidity-controlled room for
several weeks to achieve approximately equilibrium MC
(75°F, 65% RH). The specimens were carefully examined
to assure all pieces were clear of defects. Specimens were
rejected that contained defects such as pin knots, slope of
grain (SOG) 1:20 and steeper, and nail holes. This adher-
ence to the ASTM standard ensured an unbiased comparison
to historical data.

Static Bending Tests

All small clear specimens were tested in center-point bend-
ing at a span of 14 in. per ASTM D 143 (2000) (Fig. 8).
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Table 3—Reclaimed and historical small clear data for

Douglas-fir

Reclaimed Historical Difference
Property No. Mean COV*  mean®® mean (%)°
MOR (x10° Ib/in?) 622 13.59 16.3 13.7¢ 0.7
MOE (x10° Ib/in%) 622 2.06 18.4 1.86 10.8
Specific gravity (12% MC) 582  0.48 11.1 0.49 2.0
Moisture content (%) 586 114 8.9 12.0 5.0

* Coefficient of variation is standard deviation/mean.
® Average of Coast, Interior West, and Interior North regions.
“Percentage difference is (historical average — reclaimed average) / historical

average.

¢ As reported in the Wood Handbook (FPL 1999).
Historical MOR adjusted from 2 in. depth to 1 in. (see Eq. (1)).

This standard specifies a displacement rate of 0.05 in. per
min, and using this rate resulted in failures in approximately
10 min. To make the testing timeline more reasonable, this
rate was modified to 0.1 in. per min to achieve failure in
approximately 5 min. All data were gathered with a similar
electronic data acquisition system that was used with the
full-size bending tests. A LVDT attached to an aluminum
yoke was used to measure the deflection at the center rela-
tive to the supports. Load was measured with a 1-kip capac-
ity Sensotec load cell.

Post-Test Procedure

After the specimen had failed, notes were taken including
the time until failure and type of failure. A block was then
cut from the specimen for use in calculating SG and MC.
Failed pieces were saved for future studies.

Test Results

Testing results are presented for both small clear specimen
testing as well as full-size lumber tests. To analyze the data,
a commercial statistical software package, SAS (v 8.2, SAS
Institute Inc., Cary, NC) was used under the guidance of
FPL statistical staff. All regression analyses were performed
using SigmaPlot (v 7.101) (Systat Software, Inc., San Jose,
CA).

Small Clear Results

A common assumption among wood researchers is that the
properties of wood do not change appreciably with time,
unless acted on by destructive or other actions that degrade
(e.g., overloading, decay). To verify this assumption, the
small clear data were analyzed and compared to available
historical data on small clear wood properties. As stated ear-
lier, these small clear specimens were cut from the full-size
members.

Small Clear Specimens
Property Comparison to Historical Data

A total of 827 small clear specimens were tested; 26 were
discarded from this analysis because they were species other

than Douglas-fir or larch, and 52 were discarded because of
an inconsistency discovered in the test setup. The proper-
ties for small clear samples (127 total pairs) taken from the
upper and lower section of the lumber were averaged to
maintain a sampling representative of the full-size lumber
sample (Maul 2004). This resulted in a total of 622 pieces
of data included in this analysis (smaller for some properties
because of data sampling problems). Table 3 summarizes
the calculated properties and shows a comparison to histori-
cal values. For both the reclaimed and historical data, speci-
mens were conditioned to 12% MC; however, the historical
data set was generated from testing 2- by 2-in. specimens.
Obviously, this size specimen was impossible to produce
from the reclaimed 2-by lumber tested in this study, so a

1- by 1-in. specimen was used as allowed under ASTM

D 245 (2000). Both data sets were tested with center-point
bending at a span-to-depth ratio of 14:1, so a size adjust-
ment was applied to the historical small clear MORs to al-
low comparison to the 1- by 1-in. reclaimed small clear data
per ASTM D 245 (Eq. (1)). This factor was found to be 1.08
for this case with d; =2 in. and d, = 1 in.

1/9
MOR, = MOR, [le

: (1)
where
MOR; is modulus of rupture at d;_
MOR, modulus of rupture at d,,
d, member depth 1, and
d, member depth 2

As observed in Table 3, the MORs for the reclaimed small-
clear tests were only slightly lower than historical averages.
The historical data were generated by taking the average

of the means for Coast, Interior West, Interior South, and
Interior North Douglas-fir from the Wood Handbook

(FPL 1999) because we don’t know the specific origin of
the reclaimed lumber. The specific gravities were nearly the
same with a mean difference of about 2%, which indicates
similarity of the reclaimed resource to the historical data.
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Figure 9—Comparison of reclaimed small clear data to historical averages of modulus of elasticity

(MOE) and modulus of rupture (MOR).

Only the MOE:s differ and reclaimed small-clear stiffness is
greater than historical averages by approximately 11%. This
is also depicted in Figure 9 as a plot of MOE compared with
MOR. Note that only summary statistics were available for
the historical data, so a comparison was only possible at the
means.

Property Relationships

Specific gravity is known to be a predictor of bending MOE,
which is a general predictor of MOR. Research has shown
that within a species, these properties can be modeled us-
ing a linear function (FPL 1999). These relationships are
illustrated for the reclaimed small clear data in Figures 10 to
12. Linear regression lines for SG compared with MOR, SG
compared with MOE, and MOE compared with MOR are
also shown. Specific gravity data shown are at 12% MC.

As indicated in Figures 10 and 11, SG is a better predictor
of MOR than of MOE. However, MOE is a better predictor
of MOR (Fig. 12) than is SG (Fig. 10).

Location Comparison

The clear wood properties of the lumber salvaged from dif-
ferent locations were also evaluated. Statistical analyses
were performed in which simultaneous comparisons of the
groups were made for three properties: MOR, MOE, and
SG. All species were included in this comparison. Both sizes
of lumber collected from Oakland (2 by 6 and 2 by 10)
exhibited higher MOR values than the 2 by 6 Fort Ord and

2 by 8 Washington groups, based on 95% or higher confi-
dence (Table 4). Similar trends are shown for both MOE
(Table 5) and SG (Table 6). The SG for the 2 by 6 Fort Ord
lumber is lower than every other group except the 2 by 8
lumber from Washington (Table 6).

The correlation between these three properties can be il-
lustrated by ranking the means, for each size-location, for
each property. Based on this observation, it is reasonable to
assume that the difference in MOR is a result of the effect
of SG. To investigate this assumption, information from the
linear regression analysis was used to adjust MOR for SG.
Recall the relationship for MOR as a function of SG

(Eq. (2)). The slope in this equation provides an estimate for
change in MOR for a given change in SG (Eq. (3)). Using
the known values for MOR and SG, a predicted value for
MOR may be determined for a given reference SG

(Eq. (4)). The reference SG was set at the overall average
(0.48), and the group comparisons were made, as before, for
MOR (Table 7).

MOR = 28.1 SG — 0.65 )
(MORpredicted - MOR)
-28.1 3)
(SGreference - SG)
AMOR
=28.1 “4)

ASG
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Figure 10—Small clear linear regression relationships for modulus of rupture (MOR) as a function of
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Figure 11—Small clear linear regression relationships for modulus of elasticity (MOE) as a function
of specific gravity.



22

MOR (%10 Ib/in?)

Research Paper FPL-RP-650

MOR = 4.41 x MOE + 4.49 (r? = 0.56)

0.5 1.0 1.5

2.0 2.5 3.0 3.5

MOE (x10¢ Ib/in?)

Figure 12—Small clear linear regression relationship for modulus of rupture (MOR) as a function of

modulus of elasticity (MOE).

Table 4—Small clear modulus of rupture (MOR)
group comparisons

MOR (x10%/in?)

Size Location ~Mean COV® No. Grouping’
2by 10 Oakland 1421 156 307 A
2by 6 Oakland 14.16 138 54 A
2by 6 Washington 13.78 150 53 A,B
2by 8 Fort Ord 1349 219 59 A,B

2 by 10 Minnesota 13.17 157 116 A, B
2by 8 Fort Ord 1291 166 32 B
2by 6 Washington 12.77 159 128 B

* Coefficient of variation.
b Tukey grouping. Means with the same letter are not significantly
different (95% confidence).

The result of this analysis of covariance indicates that MOR
values do not vary significantly as a result of location and
differences in SG can account for differences in MORs for
the small clear specimens. Overall, the SGs for the Oakland
groups were higher than average, whereas the Minnesota,

2 by 6 Washington, and 2 by 8 Fort Ord groups were
average, and the 2 by 6 Fort Ord and 2 by 8 Washington
groups were below average.

10

Table 5—Small clear modulus of elasticity (MOE) group
comparisons

MOE (x10° Ib/in%)
Size Location ~ Mean COV®  No.  Grouping”
2by 10 Oakland 221 159 307 A
2by 6  Oakland 2.12 16.3 54 A,B
2by 6  Washington 2.08 21.5 53 A, B
2by 10 Minnesota 2.03 16.2 116 A, B, C
2by8  Washington 1.96 18.7 128 B,C,D
2by8  FortOrd 1.88 235 59 C,D
2by6  FortOrd 1.79 16.5 32 D

* Coefficient of variation.
b Tukey grouping. Means with the same letter are not significantly different
(95% confidence).

Full-Size Lumber

Knowing that the small clear data exhibit properties com-
parable with historical values, the next step is to examine
data from the full-size bending tests. The first data to be pre-
sented are a statistical summary of 991 pieces of Douglas-fir
and larch (Table 1) for the three sizes and two visual grades
tested. Examination of these data will determine if the size
equations developed for new lumber apply to reclaimed
lumber. If so, the data can be adjusted to a single size and
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Table 6—Small clear specific gravity (SG) group
comparisons

SG (12%)

Size Location Mean COV® No. Grouping’
2by 10 Oakland 0.492  10.0 290 A
2by 6  Oakland 0.491 10.1 43 A
2by8  Fort Ord 0.488 135 56 A
2by 10 Minnesota 0.485 11.5 106 A
2by 6  Washington 0.480 8.8 53 A,B
2by8  Washington 0.456 11.0 128 B,C
2by6  FortOrd 0.445 130 32 C

*Coefficient of variation.
b Tukey grouping. Means with the same letter are not significantly
different (95% confidence).

Table 7—Small clear modulus of rupture (MOR) group
comparisons adjusted by specific gravity

MOR (x10° Ib/in%)
Size Location Mean COV® No. Grouping®
2by 6 Fort Ord 13.88 18.3 32 A
2 by 10 Oakland 13.86 114 290 A
2by 6 Washington 13.78 10.1 53 A
2by 6 Oakland 13.75 9.88 43 A
2by 8 Washington 13.44 9.3 128 A
2by 8 Fort Ord 13.37 13.9 56 A
2 by 10 Minnesota 13.1 12.8 106 A

*Coefficient of variation.
b Tukey grouping. Means with the same letter are not significantly different
(95% confidence).

Table 8—Statistical summary for reclaimed No. 2 lumber, Douglas-fir and larch

2by 6 2by 8 2 by 10
Property (units) No. Mean 5th% COV® No. Mean 5th% COV ~ No. Mean 5th% COV
MOR (><103 1b/ir12) 107 528 230 41.7 241 479 208 434 93 404 168 424
MOE (Xloélb/inz) 103 1.79 1.16 23.3 43 1.69 1.07 18.8 78 1.78 1.12 219
Specific gravity 107 050 041 11.3 241 0.48 040 10.7 93 0.49 040 129
Moisture content (%) 107 123 103 7.6 241 11.7 9.7 10.1 93 114 8.5 11.5

* Coefficient of variation.

Table 9—Statistical summary for reclaimed Select Structural (SS) lumber, Douglas-fir and larch

2 by 6 2by 8 2 by 10
Property (units) No.2 Mean 5th% COV* No.2 Mean 5th% COV No.2 Mean 5th% COV
MOR (x10° Ib/in?) 9 7.03 353 315 163 6.11 296 37.1 291 565 282 318
MOE (x10° Ib/in%) 94 213 146 183 125 190 135 182 254 219 157 175
Specific gravity 96 052 042 109 163 049 040 132 291 051 042 1038
Moisture content (%) 96 11.8 10.3 8.5 163 132 11.6 5.7 291 104 8.6 9.9

*Coefficient of variation.

combined for broader analyses. Also, the effect of includ-
ing other species into these data will be examined. Values
of interest included the number of samples used in the cal-
culation, the sample mean, the 5th percentile estimate (at a
75% lower confidence level) and the coefficient of variation
(Tables 8 and 9).

Property Comparisons

Tables 8 and 9 tabulate the various properties for the differ-
ent size-grade lumber groups. Figures 13 and 14 provide a
visual measure of the effect of member size, grade, and the
effect of SG and MOE on MOR. The graphs are two-
variable scatter plots for each size-grade of tested lumber
and include bi-directional 95% confidence interval bars.

A grade effect on MOE for all sizes is revealed in Figure 13
and indicates that within a grade, the MOEs are statistically
the same for the 2 by 6 and 2 by 10 sizes. However, the

2 by 8 size is lower for the SS grade and tends to be lower,
though not statistically different, than the No. 2 grade. The
lower SG for the 2 by 8 Washington group drives down the
stiffness within each grade of the overall 2 by 8 group and
causes a slightly lower MOR for the SS grade (Fig. 14). The
previous distributions show that the higher grade 2 by 6 and
2 by 10 groups had slightly larger SGs, a result of a larger
number of Oakland pieces within those groups.

Distributions

As expected, the distributions of MOR for each size-grade
exhibit non-normal distribution characteristics (Fig. 15).
Size effect is illustrated by the shift in curves.

The SG distributions exhibit relatively normal characteris-
tics (Fig. 16). The distributions for all the No. 2 sizes and
the 2 by 8 SS groups appear to be the same shape. The

2 by 6 and 2 by 10 SS groups are shifted to the right,

11
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Figure 13—Modulus of elasticity (MOE) compared with modulus of rupture (MOR) plot of aver-

ages by size and grade. Cl is confidence interval.

suggesting greater SG values. This can be explained because
a larger percentage of the data within these two SS groups
came from Oakland, where SGs were found to be higher
(Table 6). Modulus of elasticity distributions show the

same trend as for SG and for the same reason (Fig. 17).

Size Effect

Lumber testing has historically shown that as depth of a
bending member increases, MOR decreases (Bohannan
1966). This size effect for the reclaimed lumber tested is
shown in Figure 18. A multiple comparison test was per-
formed and indicated that for the No. 2 grade, average

2 by 8 MOR is statistically different than the 2 by 10 MOR,
but not for the 2 by 6 MOR. The reverse is indicated for the
SS grade, where the average 2 by 8 MOR is statistically
different than the 2 by 6 MOR, but not different than the

2 by 10 MOR.

Linear regressions were determined for each grade relating
mean MOR values to the actual member depth (Table 10,
Fig. 19). This was done to compare the size relationship for
MOR means and the 5th percentile estimate at the lower
75% confidence level. The 5th percentile estimate values
are important, as ASTM D 1990 specifies this is the typical
statistical value used to develop design properties (ASTM
2000). As indicated in Figure 19, the linear fits for each
grade are nearly parallel at both the mean and 5th percentile
levels.

12

The overall consistency of MOR compared with size model
of both size and grade suggests that no major irregularities
exist in the overall data set. Despite the disproportioning of
sources within some of the size-grade cells, the MOR values
are not appreciably affected in this overall model.

More common size models take on the form of a power
relationship (equation (5.1), ASTM D 245). The size rela-
tionship for MOR from ASTM D 1990 takes on a slightly
different form (Eq. (5)). This model will be compared to a
nonlinear regression for the reclaimed lumber data of the
same form. Note that the testing was performed at a span-
to-depth ratio of 17:1 (Egs. (6) and (7)). Plugging Eq. (6)
and Eq. (7) into Eq. (5) and reducing and combining terms
gives Eq. (8). This equation can be expanded into Eq. (9)
and collecting terms written as Eq. (10). The resulting con-
stant C (Eq. (11)) is a reference point calculated from the
reclaimed MOR and depth means given in Tables 8 and 9
for each grade. Table 11 indicates the calculation of C us-
ing a weighted average to combine sizes. The constant is
very consistent between different sizes within the SS grade,
whereas the 2 by 8 value is higher than the 2 by 6 and

2 by 10 within the No. 2 grade.

d 0.29 I 0.14 , T 0
MOR, = MORl[dlj [L‘j LT‘j (5)
2 2 2
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where
MOR, is modulus of rupture at volume 1,
MOR, modulus of rupture at volume 2,
d, depth at MOR |,
d, depth at MOR,,
L, length at MOR,,
L, length at MOR,,
T, thickness at MOR |, and
T, thickness at MOR,
L =17d, (6)
L,=174d, (7
0.43
MOR, = MOR, | % ®)
dZ
MOR, =MOR, (d,)** (d,) 043 )
MOR, = C(d,) 043 (10)
C=MOR,(d,)*# (11)

Nonlinear regression curves were then fitted to the No. 2
and SS data groups and plotted in conjunction with the de-
rived ASTM D 1990 (Eq. (10)). As shown in Figure 20, the
curves for the reclaimed lumber data match the ASTM equa-
tions quite well. This indicates that the size-effect

equations established for new lumber are applicable to re-
claimed Douglas-fir lumber.

Comparison to Other Data

As was done with the small clear data, it is logical to com-
pare the full-size reclaimed lumber data to existing mill
lumber data sets. As explained earlier, the major difference
between the lumber resource produced in a sawmill and the
reclaimed lumber resource is the presence of damage in the
reclaimed lumber. Ideally, we would like to quantify the ef-
fects of this damage on lumber properties. From a research
standpoint, the ideal way to do this would have been to

set aside, at the time of construction (in this case, 1942), a
grade- and MOE-matched sample of lumber for future test-
ing. Unaffected by the many years of service life as well as
the damage imposed by construction and deconstruction,
this sample would serve as a control to the lumber tested in
this study and provide a means to quantify the damage vari-
able. Unfortunately, no such sample exists. So, the best we
can do is to compare the reclaimed lumber data to existing
lumber data. The in-grade program (Green and Evans 1988)
provides the most logical data set for this comparison.

In-Grade Comparison

Table 12 shows the SG data collected during the in-grade
program (Green and Evans 1989). Specific gravity infor-
mation was not available for all of the sizes and grades of
interest here. In fact, of the six size—grade combinations, SG
information only exists for one. The average SG for all sizes
and grades of reclaimed Douglas-fir tested in this study was
0.498, which is very close to the in-grade average of 0.494.
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Table 10—Modulus of rupture (MOR) as a function of size
linear regression relationships based on means and 5th
percentile estimate values

MOR value (x10*Ib/in®) Grade  ((x10° I/tl)l/inz)/in) (x 10§41%/in2)
Mean No. 2 -0.34 7.15

SS -0.38 9.00
Sth percentile No. 2 -0.17 3.25

SS -0.20 4.52

From this standpoint, the reclaimed lumber resource appears
to be very similar to the wood resource tested between 1977
and 1987 (Green and Evans 1989). The next step is to see
how strength and stiffness compare.

All in-grade lumber was tested in third-point bending at a
span-to-depth ratio of 17:1; however, deflections were mea-
sured at the load points. For the reclaimed data, deflections
were measured at the center point of the member relative to
the supports. A correction factor of 0.993, based on ASTM
D 2915 and ASTM D 2915-03 (2000) was used to correct
the difference between the two data sets; however, the
effect on summary statistics was insignificant. Because the
in-grade lumber was field tested, MC and temperature could
not be controlled. However, these data were recorded, and
adjustments (ASTM D 1990) were made to a reference MC
of 12% and a temperature of 75°F, the same as the test con-
ditions for the reclaimed lumber. The MOE and MOR are
reported to reflect those conditions (Green and Evans 1988)
Table 13 compares the mean MOR and MOE values for

the reclaimed data to the in-grade data for the sizes and
grades of interest. Note that Table 13 does not contain a
comparison for the 2 by 6 data, as 2 by 6s were not tested
within the in-grade program. Average MCs and specific
gravities were very similar to in-grade values for the indi-
vidual size-grade groups.

The trends in MOE and MOR are quite interesting. The
percentage difference column of Table 13 shows that MOR
is roughly 26% lower for the reclaimed lumber. The higher
grades also show a greater difference than the lower grades.
The question is why the bending strength is lower. Based on
the small clear results, it is not likely that the wood experi-
enced some degradation on the microscopic level from load
duration, temperature, or moisture exposure. Has damage
from drying, nail holes, or the deconstruction process on the
macroscopic level reduced bending strength?

Conversely, opposite trends exist for MOE. For all but one
of the size-grade groups (and that group is only 43 pieces),
the reclaimed lumber MOEs are higher by approximately
9% overall. This is consistent with what was seen in the
small clear data (Table 3).

In summary, based on the comparison to the in-grade data,
the reclaimed lumber resource is very similar for SG. De-

spite this, MOR is approximately 26% lower and stiffness
is greater by about 9%.
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Table 11—Calculation of constant C for size model, Eq. (11)

Table 12—In-grade Douglas-fir specific gravity

MOR MOR (d)* information
Grade Nominalsize N (x10°Ib/in?) Depth (in.)  (x10* Ib/in) Size Grade® No. Mean SG?
No. 2 6 107 5.28 5.46 10.95 2 by 4 SS 817 0.51
8 241 4.79 7.33 11.27 No. 2 767 0.49
10 93 4.04 9.15 10.46 No. 1 381 0.48
Weighted average = 11.02 Construction 275 0.48
N 6 96 7.03 5.42 14.53 Standard 273 0.48
8 163 6.11 7.31 14.37 Utility 273 0.47
10 291 5.65 9.09 14.60 Stud 227 0.49
Weighted average = 14.52 2 by 8 No. 2 972 0.50
All All 3985 0.49

*Based on West Coast Lumber Inspection Bureau grading rules
Standard 17.

®SG is specific gravity. The mean is based on oven-dry weight
and volume.

Table 13—Comparison of in-grade and reclaimed data for full size lumber, Douglas-fir only

Percentage
Reclaimed In-grade® difference®
Size  Grade® Property (units) N Mean 5th%' COV® N  Mean 5th% COV  Mean 5th%
2by8 No.2 MOR (x 10° 1b/in?) 241 479  2.08 43 1964 6.25 247 427 234 159
MOE (x10° Ib/in%) 43 1.68 1.07 19 1964 1.62 1.02 251 —-41 -45
Moisture content (%) 241 11.7 9.7 10
Specific gravity 241 048 040 11
SS MOR (x10° Ib/in?) 163 6.11 296 37 493 848 4.09 304 28.0  27.6
MOE (x10° Ib/in®) 125 190 135 18 493 191 .31 207 04 -39
Moisture content (%) 163 13.2 11.6 6
Specific gravity 163 049  0.40 13
2by 10 No.2 MOR (x10* Ib/in®) 93 404 1.68 42 388 545 216 463 259 221
MOE (x10° 1b/in%) 78 1.78  1.12 22 388 1.59 1.02 247 -122 -95
Moisture content (%) 93 11.4 8.6 11
Specific gravity 93 049 040 13
SS MOR (x10° Ib/in?) 291 565 2.82 32 414 7.84 383 298 279 262
MOE (x10° Ib/in®) 254 2,19  1.57 18 414 192 131 200 -139 -195
Moisture content (%) 291 10.4 8.6 10
Specific gravity 291  0.51 0.42 11

*Based on West Coast Lumber Inspection Bureau grading rules Standard 17.

"Data adjusted to 12% MC, 75° F, and tested at 17:1.
¢ (in-grade — reclaimed) / (in-grade).

45th percentile nonparametric estimate.

¢ Coefficient of variation.

Analysis of Full-Size Lumber
by Size and Grade

Location and Member Type

In this section, data from testing full-size lumber will be re-
viewed, with a specific look at the effects of location, mem-
ber type, and damage on bending strength and stiffness.

Based on previous analysis, it was apparent that lumber size
and grade have a significant effect on MOR. For this reason,
the data were sorted into size-grade-location groups and
pair-wise comparisons of the properties of MOR, MOE, and
MC were made using a Tukey test at 95% confidence that
the means are not equal. Graphs were also produced com-
paring average properties of MOR, MOE, and SG for the SS
and No. 2 grades (Tables 14-16 and Figs. 21-26).
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Figure 20—Nonlinear regression size model comparison to derived ASTM D1990 equation for No. 2 and SS grades
(Douglas-fir).

explained by different average SGs, 0.53 compared with
0.48.

¢ For the 2 by 10 SS grade, Oakland exhibited greater MOR
than Minnesota, likely explained by an effect of SG
(Table 16).

We observed the following:

» For the 2 by 6 SS grade, no statistical difference was de-
tected at 95% confidence between the MOR for Fort Ord
and that for Washington, despite the large difference be-
tween values (Table 14).

* A statistical non-significance test showed that all three
sites are similar in any pair-wise combination of MOR.

For the 2 by 8s, MOR was statistically the same for the
No. 2 grade, but the SS grade Fort Ord boards had greater
average MOR than Washington (7.55 x 103 Ib/in?

; ) o * The sample sizes for 2 by 6 SS from Fort Ord and No. 2
compared with 6.69 x 103 1b/in?) (Table 15). This is likely

from Oakland and Washington are probably too small for

18 meaningful conclusions.
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Table 14—2 by 6 location comparisons

Fort Ord (F) Oakland (O) Washington (W)
Grade Property (units) Mean COV*(%) No. Mean COV (%) No. Mean COV (%) No. Different pairs®
No.2 MOR (x10° Ib/in%) 5.51 41.7 71 4.79 49.2 16 4.85 339 20
MOE (x10° Ib/in?) 1.74 23.2 71 1.96 22.8 16 1.82 23.2 16
Moisture content (%) 12.7 4.8 71 11.7 11.1 16 11.6 8.7 20 F&O,F&W
Specific gravity 0.48 10.2 71 0.52 11.1 16 0.52 12.2 20 NA>©
SS  MOR (x10’Ib/in’) 795 301 12 727 308 47 642 312 37
MOE (x10° Ib/in?) 213 216 12 221 17.1 47 2.03 18.1 35
Moisture content (%) 12.4 2.9 12 11.6 9.1 47 118 8.5 37 F&O
Specific gravity 0.50 12.0 12 0.53 10.8 47 0.51 10.0 37 NA®

* Coefficient of variation.

" Tukey's studentized range (HSD) test at 95% or better confidence (SAS v8.2). NA is not applicable.
“Data summary provided for specific gravity (SG); however, a statistical comparison was not performed since SG is not well correlated to

grade.

Table 15—2 by 8 location comparisons

Fort Ord Washington
Grade Property (units) Mean COV*(%) No. Mean COV (%) No. Different pairs™ ¢
No.2 MOR (x10°Ib/in%) 487 441 198 4.41 38.6 43 N
MOE (x10° Ib/in%) — — 0 1.69 18.8 43
Moisture content (%) 11.5 9.6 198 12.8 6.8 43 N
Specific gravity 0.48 11.0 198 0.48 9.6 43 NA
SS MOR (x10° Ib/in?) 7.55 30.0 37 5.69 36.9 126 Y
MOE (x10° Ib/in?) — — 0 1.90 18.2 125
Moisture content (%) 13.0 5.1 37 13.2 5.8 126 N
Specific gravity 0.53 12.8 37 0.48 12.5 126 NA®

* Coefficient of variation.

" Tukey's studentized range (HSD) test at 95% or better confidence (SAS v8.2).

°NA, data summary provided for specific gravity (SG); however, a statistical comparison was not performed because SG is not well
correlated to grade. N, the pairs are not statistically different; Y, a statistical comparison indicates that the pairs are different.

4 MOE data not available for 2 x 8 Fort Ord due to error in data collection hardware.

Table 16—2 by 10 location comparisons

Oakland

Minnesota

Mean COV* (%) No.

Mean COV (%) No. Different pairs®

SS

Grade Property (units)

No. 2 MOR (x10°Ib/in?) 4.07
MOE (x10° 1b/in?) 1.84
Moisture content (%) 12.0
Specific gravity 0.51
MOR (x10° Ib/in%) 5.84
MOE (x10° Ib/in?) 225
Moisture content (%) 10.5
Specific gravity 0.53

43.1
21.1
5.8
11.5
29.6
17.1
7.1
9.8

53
53
53
53
197
197
197
197

3.99
1.66
10.5
0.47
5.26
1.99
10.1
0.49

41.8
223
13.8
13.7
35.8
15.0
14.1
11.4

40
25
40
40
94
57
94
94

N
N
Y

NA®
Y
Y
Y

NA®

*Coefficient of variation.

® Tukey's studentized range (HSD) Test at 95% or better confidence (SAS v8.2).

°NA, data summary provided for specific gravity (SG); however, a statistical comparison was not
performed because SG is not well correlated to grade. N, the pairs are not statistically different; Y, a
statistical comparison indicates that the pairs are different.
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Figure 25—Modulus of elasticity (MOE) comparison by location for No. 2 Grade.
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Table 177—Damage codes

General category Code Description

Nail hole NE
damage

Edge-nail holes (into 1-1/2-in. edge)
NF  Face-nail holes (through board wide face)

NT  Toenail holes (diagonal from face to edge)

Through splitting ~ SD
damage

Through splits from drying
SN Through splits from nail holes

SH  Through splits from manmade larger holes

Other mechanical G
damage

Mechanical gouging
H  Manmade drilled holes

CN  Cuts and notches

For the samples of lumber obtained in this study, member
uses (for example, floor joist, roof joist, stud) are for the
most part unique to each size-location group; thus, separate
analyses for member use are moot. For example, all of the
2 by 6s from Oakland were wall studs. All of the 2 by 10s
from Oakland and most of the 2 by 10s from Minnesota
were roof joists; a few (12 of 125) of the Minnesota

2 by 10s were stringers. All the 2 by 6s from Fort Ord

and most of the 2 by 6s from Washington were rafters; a
few (6 of 57) of the Washington 2 by 6s were rafter ties or
tension chords. These two groups with a slight portion of
different member types did not contain enough samples to
overcome variability and detect an effect of member use.

Lumber Damage

To better understand how and to what extent damage in-
fluences strength, it was necessary to categorize it. Three
damage categories were developed and were based on the
characteristics observed in the lumber before and after test-
ing. These categories include (1) nail holes, (2) splitting,
and (3) other mechanical damage. Specific codes to indicate
each type are shown in Table 17 and were used to describe
damage involved in board failures. Nail-hole damage was
further defined by the geometry of the hole relative to the
board face and edge. Splitting damage was further defined
based on how the split was created (e.g., holes causing stress
concentrations at a grain line or drying/seasoning). The last
category, other mechanical damage, describes other ways
the cross section of the board may have been damaged,
including wane-like gouging, drilled holes, and cuts

or notches (Fig. 27).

Nail Holes

Nail holes are almost always present in reclaimed lumber
and can be found on every board face, including the ends.
Face-nail holes (those nails found on the wide face of the
lumber) are typically caused by nailing of bridging or hard-
ware. Edge-nail holes are commonly found on joists along
an entire edge of a board. Usually these nails are found
along one of the two board edges and resulted from the
prior attachment of a cladding surface (i.e., roof, wall, or

floor). Depending on the thickness of the cladding surface,
an 8d, 10d, or 12d nail was typically used. Analogous to an
edge knot, edge-nail holes can potentially reduce bending
strength of a bending member if the edge of the board con-
taining the nail holes is loaded in tension. Because edge-nail
holes have potentially more impact on bending strength than
nail holes on other board faces, a considerable amount of
analysis was performed to quantify their effect.

Edge-Nail Holes

To determine if edge-nail holes had an effect on board prop-
erties, the orientation of the edge-nail holes to testing orien-
tation was tracked. Basically, boards with edge nails present
were oriented in the test machine with the nail edge up (nail
holes in compression zone) or nail edge down (nail holes in
tension zone). Boards were ranked by dynamic MOE (trans-
verse vibration) and then pairs with adjacent MOEs were
assigned to alternate orientations (nail holes up or down). In
addition, the nails were counted over the center third of the
test span to determine the average number of holes per foot.

Edge-Nail Spacing

Some grading rules, such as WCLIB Standard No. 17, con-
tain provisions for grading larger holes as well as smaller
holes (WCLIB 2000). Depending on board size and grade,
the grading rule allows a maximum size (average diameter)
loose knot or hole for a particular grade. As a footnote, the
grading rules allow “one hole or equivalent holes per _ ft”,
with the allowed length dependent on grade. Also stated is
that holes shall be measured the same as knots, unless noted
otherwise. These rules for allowed hole sizes are based on
engineering mechanics and reduction in section modulus.

The grading rules do not contain specific guidelines for the
measurement of edge-nail holes. The grade rules state that
holes that extend only partially through a piece may also

be designated as surface pits (see definition section 716 of
grade rules). Further, nail holes would be defined as either
a pin hole (if less than 1/16 in. diameter) or medium (small)
hole if less than %4 in. diameter. One could also draw a par-
allel to the measurement of a spike knot located along the
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Wane-like damage

Figure 27—Examples of “other mechanical damage."

board edge, which does not appear on the three other
board faces. This particular knot is defined as having a
displacement equal to half its diameter (WCLIB 2000).

So long as the nail does not penetrate more than half the
depth of the board, measuring the displacement of the nail
hole as half the diameter of the hole is conservative. This
would seem a valid assumption, as typical nail-embed
depths do not exceed 2-5/8 in., which is half the depth of a
2 by 6 and less than the length of a 10d nail (3 in. minus a
typical sheathing thickness (3/4 in.)). We will refer to this
assumption about edge-nail hole measurement as the "spike-
knot analogy.”

We used the spike-knot analogy to calculate an equivalent
number of holes! per foot allowed for the two grades and
three lumber sizes evaluated in this study. Two hole diam-
eters, 1/8 in. and 3/16 in., were assumed in the analysis and
represent hole sizes that might be expected in reclaimed
lumber (Table 18).

Also in the far right column of Table 18 is the average nail
hole spacing measured for the different lumber size-grade
groups. Cumulative distributions of these measurements

are shown in Figure 28. The edge-nail holes were typically
around 1/8 in. in diameter?, and sometimes a bit larger if
the nails were pried laterally during removal. One particular
group, Washington 2 by 6s, had noticeably smaller edge-nail
holes3. In reality, there is some damage around nail holes
from stressing, water intrusion, drying, and iron sickness
that has an effect on the effective size of the hole. This is

I By definition, equivalent holes per foot does not pertain to equivalent hole
area, but rather equivalent diameters, as knots and holes are measured by
the amount of board cross section that is displaced.

2 Nails retrieved from the Washington 2 by 8s measured 1/8 in. by 3 in.
long, comparable to a 10d box nail.

3 Nails retrieved from the Washington 2 by 6s were non-standard and
measured 3/32 in. by 1-1/8 in. long, similar in diameter to a 6d box nail,
but the length of a 3d box nail.
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Drilled hole damage

difficult to universally quantify; however, based on our vi-
sual assessment of hundreds of boards, 3/16 in. would seem
a reasonable upper limit.

A comparison of the measured edge-nail hole frequencies
with the allowable number of nail holes by the spike-knot
analogy described above indicated that the 2 by 8 SS group
satisfies the criteria, whereas the 2 by 6 SS group satisfies
the nominal 1/8 in. diameter but not the upper limit

3/16 in. diameter. The 2 by 8 SS group satisfies the require-
ment; however, the 2 by 10 SS group exceeds the criteria
(5.8 holes compared with a limit of 5.0 holes by the 1/8-in.
diameter hole limitation). The 2 by 10 SS group would have
met the requirements of a No. 1 grade, however (Table 18).
All the No. 2 boards meet the spike-knot analogy
requirements.

For two of these groups of lumber (2 by 8s from Washing-
ton and 2 by 10s from Oakland), the grader made a blanket
statement that the SS grade boards with edge-nail holes
should probably be downgraded to No. 2. It was the grader’s
opinion that the edge-nail holes over a specific length of
board could be added up to determine an equivalent knot
size and that knot size would determine grade. Though
grading is not an exact science and is based on experience, it
appears that the grader was correct in suggesting the down-
grade; however, the above analysis suggests that a down-
grade to No. 1 is a sufficient reduction for edge-nail holes.

Next, we will look at the effect of these edge-nail holes on
bending strength to see if the same conclusion can be drawn.

Edge-Nail Orientation

The effect of edge-nail hole orientation (edge nails up or
down in bending test) on strength and stiffness was also
assessed. This analysis includes both data from this study
as well as data from an earlier reclaimed lumber study
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Table 18—Equivalent holes allowed compared to actual

Equiv. holes/ft allowed

Grading rules (Standard No. 17)* Vs-in. diameter rule’ Actual
Max hole  Equiv. holes over  1/8 in. 3/16 in. average
Grade Size diameter (in.)  distance (ft) diameter ~ diameter  (holes/ft)°
No.2 2by6 1.5 2 12.0 8.0 3.3(4.4)
2 by 8 2 2 16.0 10.7 2.5(5.0)
2 by 10 2.5 2 20.0 133 5.7 (8.3)
SS 2by6 1 4 4.0 2.7 3.34.5)
2 by 8 1.25 4 5.0 33 2.7 (5.5)
2 by 10 1.25 4 5.0 33 5.8(7.8)

*West Coast Lumber Inspection Bureau (2000).
® Displacement defined as ¥ the diameter according to the edge spike knot analogy.
“ Number in parentheses is absolute maximum number of holes per feet.
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Figure 28—Cumulative distribution of edge-nail hole spacing by size—grade groups.

(Falk and others 1999c). In the earlier study, only edge-nail
hole orientation was tracked, not specific nail-hole spacing.

Table 19 shows a statistical summary, including means and
coefficient of variation for MOR. Also included are dif-
ferences for the up (nail holes on the compression edge)

and down (nail holes on the tension edge) means as well

a simultaneous comparison of group MOR means at 95%
confidence. Different MOR pairs are reported in the far right
column.

In general, edge-nail holes on the tension side result in a
lower board bending strength than when on the compression
side. There was one exception to this, the 2 by 6 SS group,
where MOR means were higher for the nail holes on the ten-
sion edge. This group had smaller nail holes and this likely
was the reason for these contradictory results. The other
group mean MORs have percentage reductions of 14.8 for

2 by 6 No. 2; 1.0 for 2 by 8 No. 2.; 18.4 for 11.6 2 by 8 SS;
12.4 for 2 by 10 No. 2.; and 2 by 10 SS. Only the 2 by 8 and

25



Research Paper FPL-RP-650

Table 19—Effect of edge-nail hole orientation on lumber modulus of rupture (MOR)

Mean COoV* U vs D difference!
MOR MOR SG dry MOR SG  Different
Size Grade Orientation® N (x10°Ib/in®) SG° (%) (%) (%) (%) pairs®
2by 6 No.2' U 40 562 0488 421 113 148 -39  None
528 X10°bfin* 47 479 0507 431 10.6 083 —0.02
N 19 576 048 363 12.6
ss® U 45 698 0522 295 90 40 1.7 None
703 x10° b’ 4 726 0513 319 120  -028 001
N 6 543 0536 433 15.0
2by 8 No. 2 U 101 486 0476 444 10.0 10 -15  None
474 x10°b/in’* 104 481 0483 404 10.7 0.05 —0.01
N 7 476 0509 549 14.0
B 22 431 0472 425 9.6
sse U 80 657 0495 315 12.7 18.4 12 D&N
611 x10°Ib/in* 75 536 0489 414 12.4 121 00l D&U
N 4 859 0487 169 233
B 764 0579 192 203
2by No.2 U 52 426 0491 427 12.9 124  -20  None
100 404x10°Ibfin*™ o) 39 373 0501 417 13.0 053 —00l
ss' U 144 602 0512 323 1.1 116 -16 D&U
565 x10°bfin* 135 532 0520 287 10.2 070 0.0l
N 4 461 0491 317 12.2

*U is edge-nail holes tested up, D is edge-nail holes tested down, B is edge-nail holes present on both edges, and N is No edge-
nail holes present.

" Specific gravity.

¢ Coefficient of variation is standard deviation/mean.

4 Percentage difference is (U — D) / (U) and difference = U — D.

¢ For MOR, Tukey's studentized range (HSD) test at 95% or better confidence (SAS v8.2, GLM procedure).

" One board in this group had nail holes on both edges (not reported).

€ As reported in Table 8, average group MOR for reclaimed lumber data set.

" Edge-nail hole information not available for one board in each of these groups.

" Edge-nail hole information not available for seven boards in each of these groups, one board contained holes on both edges
(not reported).

I Edge-nail hole information not available for two boards in this group.

2 by 10 SS groups have a statistically significant difference
at 95% confidence.

Recall that for the reclaimed lumber data set (Tables 8 and
9), the difference between the SS grade and the No. 2 grade
MOR mean is 1.58 x103 1b/in? on average for the three dif-
ferent sizes. Roughly speaking, this is approximately

800 Ib/in? for each grade jump, No. 2 to No. 1, and No. 1

to SS. The effect of the edge nails on strength could justify a
grade reduction as indicated by the 2 by 6 No. 2 group
(830 Ib/in2 difference), 2 by 8 SS group (1,210 Ib/in? dif-
ference), and perhaps the 2 by 10 SS group (700 1b/in2).
The differences between up (compression edge) and down
(tension edge) in the 2 by 10 and 2 by 8 SS groups are con-
sistent with the nail-hole spacing criteria discussed in the
previous section. So, a one grade reduction might be justi-
fied for the presence of edge-nail holes (less than 1/8 in.
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diameter, no more than 2% in. deep), or prescriptive rules
could specify that edge-nail holes would be allowed only on
the compression edge.

Edge-nail Location

It is possible that edge-nail hole characteristics (size and
spacing) are different for different geographical locations
because of different construction techniques, environmental
conditions, or usage. To investigate this, an additional
analysis was performed. In this analysis, only SS grades
were analyzed because of the confounding of MOR by the
greater number (and size) of natural defects in the No. 2
groups. The analysis focused on 2 by 8s and 2 by 10s, the
sizes that showed statistically significant differences in
MOR means between edge-nail holes tested up compared
with down (Table 20).
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Table 20—Edge-nail hole orientation for Select Structural (SS) grade by size and location

Mean CoV* U vs D difference'
MOR MOE Nail spacing MOR SG  MOR SG
Location Size Orientation® N (x10°Ib/in?) SG° (x10°Ib/in®)  (holes/ft)y (%) (%) (%) (%)
Washington 2 by 6 U 16 641 0508 257 3.26 26 6 -64 28
D 15 6.82 0493 241 3.42 32 11 —041 0014
2by 8 U 63 6.15 0485 225 2.67 31 13 153 06
D 62 521 0482 226 2.70 43 12 0.94 0.003
Oakland  2by 10 U 86 635 0527 279 5.95 30 10 144 -0.1
D 90 544 0528 277 5.88 26 10 0.91 0.000
Minnesota 2 by 10 U 28 573 0492 198 5.25 28 12 105 -28
D 24 513 0506  2.03 5.16 35 11 0.60 —0.014

* U is edge nail holes on compression edge (up), D is edge nail holes on tension edge (down).

® Specific gravity.
¢ Coefficient of variation is standard deviation/mean.
4 Percentage difference is (U — D) / (U) and difference is U — D.

Mean MOR, SG, MOE, and nail-hole spacing for the differ-
ent size—location—orientation groups are shown in Table 20.
Also listed are differences in MOR and SG for the up com-

pared with down edge-nail hole orientation.

Results indicate that the only group that does not exhibit a
substantial difference in MOR was the Washington 2 by 6s.
This is consistent with the combined findings for the

2 by 6 SS group in Table 20, and is likely explained
because the holes were smaller for this group.

The Washington 2 by 8 group showed a significant increase
in mean MOR when placing the edge-nail holes on the com-
pression edge, 940 1b/in.2 (Table 20). The cumulative distri-
bution curves for MOR values of the up (compression edge)
and down (tension edge) groups are shown in Figure 29.
The tension-edge curve is shifted left (lower MOR) at the
low end of the distribution until the very high end where the
curves meet. This would imply that both the up and down
groups contained some stronger boards in which nail holes
did not affect MOR. Also note that a greater shift appears in
the curves near the middle of the distribution as compared
with the lower end. This could imply that nail-hole orienta-
tion has less of an effect on boards that contain other MOR-
lowering defects.

For the same group, 2 by 8 Washington, mean MOE, SG,
and nail-hole spacing are all very close for the up (compres-
sion edge) and down (tension edge) orientations (Table 20),
which would imply negligible to no effects of these other
variables on MOR mean. Of course, we would expect MOE
to be close for the two groups, as this was the variable used
to sort the two groups initially.

Cumulative distributions of SG and MOE for the up and
down groups are plotted in Figures 30 and 31, respectively.
The SG curves are not the same shape, with the down curve
shifted leftward (lower SG) at the extremes, and rightward
(higher SG) near the center of the distribution. The curves

do appear to average out throughout the rest of the distribu-
tion. However, recall that SG is not strong as a predictor of
MOR as MOE.

The Oakland 2 by 10 SS grade group exhibited very similar
results. Mean MOR increased 910 1b/in? or around 14% for
the group of boards tested with the nail holes on the com-
pression edge (Table 20 and Figure 32). As with the Wash-
ington 2 by 8s, mean SG, MOE, and nail-hole spacing were
all very similar for the up and down groups (Figs 33, 34).

Minnesota 2 by 10s were the last SS grade group examined
for edge-nail-hole orientation. This group also showed a
shift in mean MOR of 600 1b/in? (Table 20, Fig. 35), though
not as much as the Oakland 2 by 10 SS group (910 Ib/in2).
Specific gravity or MOE have likely lessened the difference
in MOR mean between up and down, as mean SG and MOE
are larger for the down group (Table 20). This shift in SG
and MOE can be seen in the upper portion of the cumulative
distributions (Figs 36 and 37). Mean holes spacing, on the
other hand, does compare well (Table 20).

The analysis was taken one step further to see if MOR was
affected as greatly when nail-hole spacing was reduced or
increased. Scatter plots were constructed with linear regres-
sion curves of MOR compared with nail-hole spacing for
the 2 by 8 Washington SS group, 2 by 10 Oakland SS group,
and the 2 by 10 Minnesota SS group (Figs 38, 39, and 40,
respectively). Although correlation coefficients are low, the
Washington and Oakland groups do exhibit a downward
trend in MOR as nail-hole spacing decreases, greater for the
Washington group (Figs 38 and 39). This trend was not seen
in the Minnesota group (Fig. 40), which could also explain
why the MOR means did not show a statistically significant
difference.

Face Nails

Much of the lumber contained consistent face-nail-hole pat-
terns (Code NF, Table 17, especially the 2 by 10s, which
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Figure 29—Cumulative distribution of modulus of rupture (MOR) for up and down nail hole orienta-
tion for Washington 2 by 8 SS group.
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Figure 30—Cumulative distribution of specific gravity (SG) for up and down nail hole orientation for
Washington 2 by 8 SS group.
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Figure 31—Cumulative distribution of modulus of elasticity (MOE) for up and down nail hole orien-

tation for Washington 2 by 8 SS group.
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Figure 32—Cumulative distribution of modulus of rupture (MOR) for up and down nail hole

orientation for Oakland 2 by 10 SS group.
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Figure 33—Cumulative distribution of specific gravity (SG) for up and down nail hole orientation for

Oakland 2 by 10 SS group.
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Figure 34—Cumulative distribution of modulus of elasticity (MOE) for up and down nail hole orienta-

tion for Oakland 2 by 10 SS group.
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Figure 35—Cumulative distribution of modulus of rupture (MOR) for up and down nail hole orienta-

tion for Minnesota 2 by 10 SS group.
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Figure 37—Modulus of rupture (MOR) compared with up and down nail hole orientation for Minnesota
2 by 10 SS group.
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Figure 39—Modulus of rupture (MOR) compared with up and down nail hole orientations for Oakland
2 by 10 SS group. NH/FT is nail holes per foot.
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contained nail holes from the prior attachment of cross
bridging typically used to provide lateral stability and load
distribution to the bending members (Fig. 41). These holes
were typically found on the face, near both edges of the
board.

Pairs of face holes from the prior attachment of wire-type
hangers commonly used to support mechanical piping were
also found (Fig. 42). These holes were very near the center
of the face, and stains from the hanger could be seen. These
holes often times were caused through splits from wedging
along the grain (Fig. 43). If these holes were near the end of
a board, horizontal shear failures were more likely to occur
(Fig. 43). The lower piece of the failed board in Figure 43
has been turned to view the grain face of the split. Note the
discoloration and additional staining at the fastener holes,
which indicates the presence of a substantial through split
prior to testing.

Another type of repetitive face-nail hole was found in the
Oakland 2 by 6 group of lumber. These boards were once
wall studs that had blocking between each stud near the
mid-height of the wall. The blocking was oriented such that
the face of the blocking was at the outside face of the stud,
with the 2-in. nominal dimension parallel to the 6-in.
nominal dimension of the wall stud. This blocking created
face-nail holes within 1-1/2 in. of the edge of the board

Research Paper FPL-RP-650

(Fig. 44). This damage was so consistent that an experiment
was designed exactly like the edge-nail holes, to see if plac-
ing this damage up or down during testing had an effect on
mechanical properties.

Table 21 summarizes the result of this experiment, show-
ing mean properties and coefficients of variation (COV)

for MOR, MOE, and SG for the up and down groups of
boards. No statistical significance was found between the
two groups. In fact, average MOR for the down group was
approximately 8% larger for the group of boards tested with
the face-nail holes down.

These results illustrate that a nail hole, or tip of the crack,
needs to be located at the region of highest stress to have
an effect on fracture and hence bending strength. In other
words, cracks have to form on the tension edge, where fail-
ure begins, for these nail holes to come into play. Also, these
nail holes extended from one face directly to the other. This
meant that an unaffected piece of wood still existed, below
the holes, at the tension edge, providing an uninterrupted
route for the greatest tension stress path. This is consistent
with the simulated hole study by Falk and others (2003). In
a few cases, the holes did extend from one face to the ten-
sion edge of the board (toenail holes, Code NT, Table 17),
potentially initiating a split at the tension edge and causing
the board to fail (Fig. 45).

Table 21—Property comparison for 2 by 6 Oakland Select Structural
(SS). Effect of face-nail hole orientation during testing

Up Down Difference (%)*
cov cov cov
Property N Mean (%) N Mean (%)° Mean (%)
MOR (x10°1b/in®) 25 7.02 295 22 756 322 -76 —93
MOE (x10°Ib/in®) 25 2.14 156 22 228 183 —-63 —174
Specific gravity 25 0531 9.6 22 0533 123 -04 -28.1

*Percentage difference is (up — down) / (up).

® Coefficient of variation is standard deviation/mean.

Figure 41—Example of face nail holes in 2 by 10s
from prior attachment of cross-bridging.
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Figure 42—Example of face nail holes in 2 by 10s from
prior attachment of wire-type mechanical hangers.
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Figure 43—Example of failed 2 by 10 board where
through splits from face nail holes caused horizontal
shear failure.

Figure 44—Example of face-nail holes in Oakland 2 by 6
wall studs from prior attachment of blocking.

Figure 45—Example of toenail holes in an Oakland 2 by
6, potentially initiating a failure split.

Face Checks

Through splitting (Table 17) was a damage category with

a related widespread phenomena—face checking. Face
checking is typical in nearly every reclaimed lumber piece;
however, the severity varies. To investigate the effect of face
checks on lumber strength, boards were sorted based on a
general ranking (1, 2, or 3) of face-checking severity: 1 was
none to few, 2 was medium, and 3 was more severe. Face
checking is not limited in existing grading rules for

structural joists and planks. Figures 46 and 47 indicate me-
dium checking and severe checking, respectively.

Only SS grade boards were examined, to avoid additional
confounding effects for boards with known natural defects.
The groups were also sorted by edge-nail hole orientation,
because statistically significant effects were found for this
variable as indicated in previous sections. Table 22 summa-
rizes means and COV for MOR, MOE, and SG for the three
different checking levels.

Results indicate that checking levels do not affect MOE or
SG. These variables were included to verify that they do not
have an affect on MOR. Although statistically significant
differences are not indicated, mean trends are interesting.
For four out of the six groups, mean SG increases as the lev-
el of checking increases. Modulus of rupture does not show
any consistent trends, although one group, Washington

2 by 8 D, had the highest mean in the lowest check-level
group.

Overall, there were no conclusive results from this analy-
sis. It is therefore reasonable to assume that a limit on face
checking specifically for reclaimed 2-by lumber may not be
warranted. Note however, that Falk (1999b) found that se-
vere heart checks in timbers reduced MOR by about 15%.

Damage Categories

As indicated in Table 17, three damage categories were
established; nail-hole damage, through-splitting damage

(a split completely through the board from face to face),

and other mechanical damage. In the previous section, we
looked at the effect of a specific damage type (for example,
edge nails, face checks) on properties. In this section, we
will look at the effect of these damage categories on proper-
ties. In essence, we are combining like damage into separate
categories for comparison. For each of these categories, data
were sorted by size, grade, and whether or not damage was
involved in failure.

Nail-Hole Damage

Table 23 shows the results for the nail-hole damage cat-
egory. Note that percentage of differences are shown for the
MOR mean, as well as the MOR mean adjusted for the per-
centage difference in MOE mean, in order to approximately
capture the effect of stiffness (MOE) on MOR. Looking at
the adjusted percentage differences, all the No. 2 boards
with nails involved in the failure were stronger than the

No. 2 boards where there was no damage involved with the
failure. This might be explained by the fact that the board
didn’t necessarily fail at the defect that placed it into the

No. 2 grade. For the SS grades, 2 by 8 and 2 by 10 adjusted
MOR percentage differences show that mean MOR is slight-
ly lower (by 2.7% and 1.5%, respectively) for the boards
with nails involved with failure than those boards where
nails were not involved in the failure. For the 2 by 6 SS
group, the opposite is shown. So, no clear trend is indicated
for the effects of this category of nail-hole damage on MOR.
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Table 22—Property mean comparisons by face-check level for SS grade

Check level 1 Check level 2 Check level 3 Difference®
COoVv Ccov COV 1to2 2to3

Size Location  Orient® Property (units) N Mean (%)° N Mean (%)° N Mean (%) (%)d (%)d
2by 8 Washington D MOR (x10°Ib/in®) 5 6.00 33 54 514 44 3 518 43 14 -1
MOE (x10°Ib/in®) 5 1.78 21 54 191 19 3 219 23 -7 =15
Specific gravity 5 048 16 54 0482 12 3 048 12 -1 -1
U MOR (x10°Ib/in®) 2 514 24 55 608 32 6 68 22 —18 —13
MOE (x10°Ib/in®) 2 1.73 21 55 188 17 6 213 15 -9  —-13
Specific gravity 2 043 5 55 0485 13 6 050 10 —12 -4
2 by 10 Oakland D MOR (x10°Ib/in®) 11 540 27 12 485 31 10 542 28 10 -12
MOE (x10°Ib/in®) 11 2.03 24 12 211 16 10 235 13 -4  -12
Specific gravity 11 052 8 12 0531 8 10 053 8 -2 -1
U MOR (x10°Ib/in®) 6 585 22 12 694 32 12 642 30 —19 8
MOE (x10°Ib/in®) 6 213 6 12 241 20 12 227 17 —13 6
Specific gravity 6 052 8 12 0544 11 12 054 5 -4 1
Minnesota D MOR (x10°Ib/in®) 6 522 46 14 510 34 4 593 27 2 -16
MOE (x10°Ib/in®) 6 2.10 19 14 197 17 4 231 11 6 —17
Specific gravity 6 048 11 14 0495 12 4 055 4 -2 -1
U MOR (x10°Ib/in®) 6 545 22 15 613 27 7 510 35 —12 17
MOE (x10°1b/in®) 6 1.85 12 15 207 9 7 19 16 -12

Specific gravity 6 0.46 4 15 0502 12 7 049 15 -8 2

* Difference is (level 1 —level 2) / (level 1) or difference (%) = (level 2 — level 3) / (level 2).

" Orientation of regular edge nail holes during testing: D, down; U, up.

¢ Coefficient of variation = standard deviation/mean, also shaded cells indicate COV is higher than overall reclaimed lumber average
(Table 3).

4 Shaded cells indicate property mean decreases with the increase in split level.

Figure 46—Example of medium face checks. Figure 47—Example of severe face checks.
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Table 23—Property comparisons for nail-hole damage category

No defect®  Defect” Difference (%) def?c/zt?’/o)c
Size  Grade Property N Mean N Mean Mean' MOR® N
2by6 No.2 MOR (x10° Ib/in%) 82 508 12 6.12 205 18.0 14.6
MOE (x10° Ib/in%) 80 1.75 12 1.80 2.5 15.0
Specific gravity 82 049 12 048 -2.0 14.6
SS MOR (x10° Ib/in?) 70 7.02 11 8.18 165 6.4 15.7
MOE (x10° Ib/in%) 68 2.07 11 228 102 16.2
Specific gravity 70 0.51 11 0.55 8.0 15.7
2by8 No.2 MOR (x10° Ib/in?) 83 451 17 521 155 22 20.5
MOE (x10° Ib/in%) 32 163 9 1.85 134 28.1
Specific gravity 83 048 17 0.51 6.2 20.5
SS MOR (x10° Ib/in®) 125 6.14 30 6.10 —0.6 -2.7 24.0
MOE (x10° Ib/in%) 96 1.89 24 193 2.1 25.0
Specific gravity 125 049 30 0.51 4.5 24.0
2by 10 No.2 MOR (x10° Ib/in?) 57 3.78 10 5.18 37.1 263 17.5
MOE (x10° Ib/in%) 57 175 10 1.94 10.8 17.5
Specific gravity 57 0.50 10 0.52 2.9 17.5
SS MOR (x10° Ib/in®) 151 5.81 54 577 -06 —1.5 35.8
MOE (x10° Ib/in®) 151 2.16 54 2.18 0.9 35.8
Specific gravity 151 0.51 54 0.52 2.2 35.8
All MOR 568 134 23.6
MOE 484 120 24.8

* No apparent damage defect involved in failure.
® Nail hole defect involved in failure.

“Percentage of pieces with defects involved in failure out of all pieces within size grade group.
4 Percentage difference of mean MOR is (defect — no defect) / (no defect).
¢ Percentage difference of mean MOR adjusted for MOE is [(MOR pefect — MORNo pefect) / MORNo pefect] —

[(MOEDcfcct - MOENQ Dcfccl) / MOENO Dcfcct]

Through-Splitting Damage

The through-splitting damage category showed more con-
sistent and anticipated results (Table 24). When adjusting
the MOR mean for MOE, all the size and grade groups had
lower MORs when through-splitting damage was involved
in failure. The difference in strength ranged from approxi-
mately 9% for the 2 by 10 SS to approximately 27% for the
2 by 6 No. 2. The trends are very consistent for each grade
between the different sizes, with the difference increasing
as the size decreases. For the No. 2 grade, differences are
14.4%, 17.6%, and 26.7% for the 2 by 10, 2 by 8, and 2 by
6 sizes, respectively. For SS grade, differences are 8.9%,
20.0%, and 23.7% for the 2 by 10, 2 by 8, and 2 by 6 sizes,
respectively. An explanation might be that for the same size
and type of split, the defect becomes a larger percentage of
the section as the size of the board decreases, hence having

a greater decrease on MOR. Interestingly the SS grades for
two of the three sizes show less of a difference, likely be-
cause the severity of splitting was not as great as for the
No. 2 grade.

Other Mechanical Damage

Table 25 summarizes the same type of results for the other
mechanical damage category. Recall that this category
includes damage from mechanical gouging, man-made
drilled holes, and cuts and notches. After adjusting for
MOE, all the No. 2 grade MORs are greater for boards
failing at damage. This likely carries the same explanation
given for the nail-hole damage category. The No. 2 boards
did not fail by the grade-determining defect, and the other
mechanical defect is likely not as detrimental to strength as
the grade-determining defect. All the SS grade groups show
a decrease in MOR, according to the MOE adjustment, with
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Table 24—Point-damage mean property comparisons for the through-splitting
damage category

With
No defect®  Defect Difference (%) defect (%)°

Size Grade Property N Mean N Mean Mean (%)* MOE (%)° N
2by6 No.2 MOR (x10° Ib/in?) 82 508 6 495 -25 —-26.0 73
MOE (x10° Ib/in%) 80 175 6 2.18 242 75
Specific gravity 82 049 6 057 16.5 7.3
SS  MOR (x10° Ib/in®) 70 7.02 12 644  —83 ~-237 17.1
MOE (x10° Ib/in%) 68 2.07 12 239 15.4 17.6
Specific gravity 70 051 12 0.56 9.4 17.1
2by8 No.2 MOR (x10° Ib/in%) 83 451 5 535 18.6 -17.6 6.0
MOE (x10° Ib/in%) 32 163 1 222 36.1 3.1
Specific gravity 83 048 5 048 1.0 6.0
SS  MOR (x10*Ib/in®) 125 6.14 5 557  —92 ~20.0 4.0
MOE (x10° Ib/in%) 9 1.89 4 2.09 10.7 42
Specific gravity 125 049 5 0.56 15.1 4.0
2by 10 No.2 MOR (x10° Ib/in%) 57 378 4 350 —74 —14.4 7.0
MOE (x10° Ib/in%) 57 175 4 1.88 7.0 7.0
Specific gravity 57 050 4 049 -2.6 7.0
SS  MOR (x10*Ib/in®) 151 5.81 45 555  —44 -89 29.8
MOE (x10° Ib/in®) 151 2.16 45 226 45 29.8
Specific gravity 151 051 45 053 43 29.8
All MOR 568 77 13.6
MOE 484 72 14.9

* No apparent damage defect involved in failure.

® Through-splitting defect involved in failure.

¢ Percentage of pieces with nail hole defects involved in failure out of all pieces within size grade group.

¢ Percentage difference of mean MOR is (defect — no defect) / (no defect).

¢ Percentage difference of mean MOR adjusted for MOE is [(MOR defect — MOR no defect) / MOR no defect] —
[(MOE defect — MOE no defect) / MOE no defect].

the other mechanical damage involved, ranging from 14.5% Full-Size Lumber Failure Types
for the 2 by 6 group to 25.4% for the 2 by 10 group. This

trend is opposite to what was shown for the through-

Up to this point, we have focused on comparing lumber

splitting damage group.

The magnitude or size of the defect was not evaluated for all
these analyses. Rather, we were only able to document if the
damage was involved in the failure, although not necessar-
ily initiating it. Also, involvement in failure carries a fairly
broad definition. Simply examining a failed board makes it
difficult to make that exact determination, though in many
cases it may be deduced with relative certainty. Also, the
sample sizes in this analysis were fairly small, and given the
inherent variability of wood, this makes most conclusions
gathered from this analysis rather weak. Last, other effects
known to have statistically significant effects on MOR, such
as location, edge-nail hole orientation, and damage down-
grading, could not be included in the sorting as the sample
sizes would have become too small.
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failures caused by damage to “the rest of the population”

of lumber. In this section, we will look more specifically

at how these damage failures compare to the more typical
types of lumber failures (e.g, wood tension, knots, SOG, see
Table 2). Tension-type failures are broken down into four
categories according to the failure defect (clear wood, knot,
damage, and slope of grain).

No. 2 Grade

First, we will look at the No. 2 grade, then SS. The frequen-
cy of failure types for all sizes of the No. 2 grade are sum-
marized in Table 26. Note that three of the tension failure
types (Table 27, code 2, 3, and 4) match specific GDDs such
as knots, damage, and slope of grain (Table 28, code 3, 5,
and 7). Comparing the frequencies for all sizes, there were
about 13% more knot failures, approximately 26% fewer
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Table 25—Point damage mean property comparisons for other mechanical

damage category

With
No defect®  Defect” Difference (%) defect (%)°

Size Grade Property N Mean N Mean Mean (%) MOR (%) N
2by6 No.2 MOR (x10°Ib/in®) 82 5.08 7 6.36 252 20.8 8.5
MOE (x10° Ib/in®) 80 1.75 5 1.83 4.4 6.3

Specific gravity 82 049 7 049 -0.7 8.5

MOR (x10* Ib/in®) 70 7.02 3 530 —245 —145 43

S8 MOE (x10° Ib/in®) 68 2.07 3 1.86 —10.0 4.4
Specific gravity 70 051 3 046 -9.0 43

2by8 No.2 MOR (x10° Ib/in®) 83 4.51 2 455 0.9 0.3 2.4
MOE (x10°Ib/in®) 32 1.63 1 1.64 0.6 3.1

Specific gravity 83 048 2 049 1.7 2.4

SS  MOR (x10*Ib/in®) 125 6.14 1 521 —150 —194 0.8

MOE (x10°Ib/in®) 96 1.89 1 1.97 4.4 1.0

Specific gravity 125 049 1 0.51 3.9 0.8

2by 10 No.2 MOR (x10*Ib/in®) 57 3.78 7 430 13.8 12.4 12.3
MOE (x10° Ib/in®) 57 1.75 7 1.78 1.4 12.3

Specific gravity 57 050 7 052 2.8 12.3

SS  MOR (x10°Ib/in®) 151 581 4 523 —10.0 —254 2.6

MOE (x10° Ib/in®) 151 2.16 4 2.50 15.4 2.6

Specific gravity 151 051 4 0.59 14.5 2.6

All MOR 568 24 42
MOE 484 21 43

*No apparent damage defect involved in failure.
® Other mechanical damage defect involved in failure.

¢ Percentage of pieces with nail hole defects involved in failure out of all pieces within size—grade group.
4 Difference of mean (%) MOR is (defect — no defect) / (no defect).
¢ Difference of mean (%) MOR adjusted for MOE is [(MOR defect - MOR no defect) / MOR no defect] —

[(MOE defect — MOE no defect) / MOE no defect].

damage failures, and about 5% more slope of grain failures
than the GDDs would indicate.

When comparing mean MOR, data were sorted in two
groups, one in which the failure defect matched the grade-
determining defect and another that did not. This was done
to obtain a measure of how much strength could differ,
according to failure type, depending on whether or not the
GDD caused failure. In theory, the group that failed by the
grade-determining defect should exhibit lower MOR, as-
suming SG is similar.

Mean MOR and SG are reported according to failure type
and whether or not the failure defect matched the visual
GDD. Tables 29, 30, and 31 indicate this comparison for
the three sizes of lumber. The following observations are
made:

Tension-wood failures are typically in clear wood with no
defects involved. These group means compare very well to

the comparable size SS overall group averages (Table 8);
mean MORs of 7.07, 6.14, and 5.97 x103 Ib/in? compared to
7.03, 6.11, and 5.65 x103 1b/in? for the 2 by 6, 2 by 8, and

2 by 10 sizes, respectively.

Differences in MOR for boards with knot failures to boards
whose grade-determining defect were knots are 0.64, 0.79,
and 0.81 x103 Ib/in2 for the 2 by 6, 2 by 8, and 2 by 10 sizes,
respectively.

Mean MOR for boards with horizontal shear failures

were higher than the overall mean MOR for the 2 by 6
(9.40 x103 Ib/in2 compared with 5.28 x103 1b/in?) and 2 by 8
(5.80 x103 Ib/in2 compared with 4.79 x103 1b/in?) sizes and
right at the mean for the 2 by 10 (4.03 x103 Ib/in? compared
with 4.04 x103 1b/in?) size.

Boards with compression failures exhibited a greater mean
MOR than the overall mean MOR for all sizes.
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All sizes 2by 6 2by8 2by 10
Failure code 10;123)115 Fort Ord Oakland ~ Washington Fort Ord Washington Oakland Minnesota
(Table 2) N % N % N % N % N % N % N % N %
Tension-wood (1) 58 132 10 141 2 125 3 150 29 146 7 163 5 94 2 50
Tension-knot (2) 234 531 40 563 8 500 14 700 102 SI.5 25 581 25 472 20 50.0
Tension-damage (3) 36 82 5 70 3 188 1 50 10 51 7 163 5 94 5 125
Tension-SOG (4) 56 127 10 141 2 125 — — 27 13.6 1 23 9 170 7 175
Compression (5) 21 48 2 28 1 63 2 100 11 56 — — 4 75 1 2.5
Horizontal shear (6) 32 7.3 3 42 — — — 16 81 3 70 5 94 5 125
Invalid test (7) 2 05 — - — — — - 2 v - - - —  — —
Other (8) 2 05 1 4 - — — — 1 o5 — — — — — —
Total 441 100 71 100 16 100 20 100 198 100 43 100 53 100 40 100
Table 27—Distribution of grade determining defects (GDD) of No. 2 lumber
All sizes 2by 6 2by 8 2by 10
10;:;3)“ Fort Ord  Oakland Washington Fort Ord Washington Oakland Minnesota
GDD (code) N % N % N % N % N % N % N % N %
Shake (1) 31 73 3 42 — — — — 12 61 3 70 11 208 2 8.0
Splits (2) 11 26 1 14 — — 1 50 7 35 — — — — 2 8.0
Knots (3) 173 406 32 451 9 563 16 80.0 69 348 28 651 7 13212 48.0
Damage (5) 147 345 29 408 3 188 2 100 84 424 7 163 18 340 4 16.0
Wane (6) 5 12 — — 1 63 — — 1 05 1 23 1 19 1 4.0
Slope of grain (7) 30 70 1 14 2 125 — — 8 40 2 47 16 302 1 4.0
Warp (8) 1 02 1 M4 - - - - - — — — — — —
Checks (9) 2 05 — — — — — — 2 v - - - — — -
Other (10) 26 6.1 4 56 1 63 1 50 15 76 2 47 — — 3 120
Total 426 100 71 100 16 100 20 100 198 100 43 100 53 100 25 100

Tension at knot failures have the lowest mean MOR for the
2 by 6 and 2 by 8 sizes and the second lowest (slope of grain
failures were weaker) for the 2 by 10 sizes. In all cases,
MOR for boards failing at knots in tension is about 80% of
the overall group mean.

Select Structural Grade

The frequency of the various failure types for all sizes of the
SS grade is shown in Table 31. Knot-related tension failures
dominate at about 33%, with clear-wood tension failure fol-
lowing at about 17%. Interestingly, horizontal shear failures
occurred about 7% of the time in the No. 2 grade, but in-
creased to about 12% in the SS grade for all sizes. However,
shear failures were as high as 18% for the 2 by 10 SS

( Table 32). Horizontal shear failures are known to be rela-
tively infrequent in testing mill-produced lumber (~1% to
2% of the time), so either the shear strength may be reduced
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or, more likely, splitting from damage and drying has re-
sulted in a greater frequency of this type of failure. We will
discuss this in detail later.

The frequency of failures from damage also increased in
the SS grade, up from about 8% in the No. 2 grade to about
14% in the SS grade. This makes sense, as the fewer natural
defects in the higher grade increase the likelihood of dam-
age in board failure.

Mean MOR and SG are also reported by failure type for the
SS boards. The following observations are made:

» Compression failures have the greatest mean MOR for the
2 by 6 and 2 by 8 groups, and the second greatest for the
2 by 10 group.

» Knot failures in tension have the lowest mean MOR for
all sizes.
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Table 28—Mean properties by failure code for 2 by 6 No. 2 grade

Same Mean® . .
Failure code as visual MOR All locations Fort Ord Oakland Washington
(Table 2) grade (GDD") (x10°Ib/in®) SG° N % N % N % N %
Tension-wood (1) N 7.07 0497 15 142 10 143 2 125 3 15.0
Tension-knot (2) N 4.59 0489 19 179 14 200 2 125 3 150
Y 3.95 0.487 43 40.6 26 37.1 6 375 11 550
Combined 4.15 0488 62 585 40 57.1 8 50.0 14 70.0
Tension-damage (3) N 6.60 0471 4 38 2 29 1 63 1 5.0
Y 6.88 0476 5 47 3 43 2 125 — —
Combined 6.75 0473 9 85 5 71 3 188 1 5.0
Tension-slope-of- N 6.01 0488 9 85 9129 — — — —
grain (4) Y 403 0560 3 28 1 14 2 125 — —
Combined 5.51 0.508 12 113 10 143 125 — —
Compression (5) N 8.86 0.535 3 28 2 29 1 63 — —
Y 5.99 0636 2 19 — — — — 2 100
Combined 7.71 0575 5 47 2 29 1 63 2 100
Horizontal shear (6) N 9.40 0551 3 28 329 — — — -
Total 5.28 0.496 106 100 70 100 16 100 20 100
*Grade-determining defect.
® Means shown are same as reported in Table 8.
¢ Specific gravity.
Table 29—Mean properties by failure code for 2 by 8 No. 2 grade
b
Failure code assjir;ﬁa] MOII:Iean All locations Fort Ord ~ Washington
(Table 2) grade (GDD) (x10° Ib/in®) SG° N % N % N %
Tension-wood (1) N 6.14 0.478 35 148 29 149 6 14.0
Tension-knot (2) N 4.28 0.468 64 270 56 289 8 18.6
Y 3.49 0.466 63  26.6 46 237 17 39.5
Combined 3.89 0467 127 53.6 102 52,6 25 58.1
Tension-damage (3) N 4.70 0.509 11 4.6 5 2.6 6 14.0
Y 5.06 0.503 6 25 5 2.6 1 2.3
Combined 4.83 0.507 17 72 10 52 7 16.3
Tension-slope-of- N 5.48 0.513 22 93 21 10.8 1 2.3
grain (4) Y 476 0515 6 25 5 26 1 23
Combined 5.33 0.513 28 11.8 26 134 2 4.7
Compression (5) N 7.18 0.475 11 4.6 11 5.7
Horizontal shear (6) N 6.03 0.493 15 6.3 14 7.2 1 2.3
Y 4.96 0.523 4 1.7 2 1.0 2 4.7
Combined 5.80 0.500 19  8.0169 16 825 3 6.98
Total 4.79 0.480 237 100 194 100 43 100

* Grade-determining defect.
®Means shown are same as reported in Table 8.
¢ Specific gravity.
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Table 30—Mean properties by failure code for 2 by 10 No. 2 grade

Same Mean’
Failure code as visual MOR All locations Oakland Minnesota
(Table 2) grade (GDD") (x10° Ib/in®)  SG* N % N % N %
Tension-wood (1) N 5.97 0.531 5 7.5 4 8.9 1 4.5
Tension-knot (2) N 3.77 0.497 22 328 14 311 8 36.4
Y 2.96 0492 16 239 11 24.4 5 22.7
Combined 343 0.495 38 56.7 25 55.6 13 59.1
Tension-damage (3) N 4.38 0.488 5 7.5 3 6.7 2 9.1
Y 5.18 0.504 4 6.0 2 4.4 2 9.1
Combined 4.74 0.495 9 13.4 5 11.1 4 18.2
Tension-SOG* (4) N 3.34 0.525 11 16.4 9 200 2 9.1
Compression (5) N 8.66 0.583 2 3.0 2 4.4 0.0
Y 6.00 0.540 2 3.0 2 4.4 0.0
Combined 7.33 0.562 4 6.0 4 8.9 0 0.0
Horizontal shear (6) N 4.61 0.493 5 7.5 2 4.4 3 13.6
Y 3.32 0.476 4 6.0 3 6.7 1 4.5
Combined 4.03 0.485 9 13.4 5 11.1 4 18.2
Total 4.04 0.494 67 100 45 100 22100
* Grade-determining defect.
® Means shown are same as reported in Table 8.
¢ Specific gravity.
d Slope of grain.
Table 31—Distribution of failure codes for SS lumber
All sizes 2by 6 2by 8 2by 10

and

Failure code locations Fort Ord  Oakland Washington Fort Ord Washington Oakland Minnesota

(Table 2) N % N % N % N % N % N % N % N %

Tension-wood (1) 94 171 4 333 16 340 10 270 6 162 28 222 17 86 13 138
Tension-knot (2) 184 335 1 83 6 128 12 324 5 135 67 532 50 254 43 457
Tension-damage 3) 79 144 1 83 11 234 4 108 4 108 19 151 36 183 4 43
Tension-SOG" (4) 70 127 4 333 8 170 4 108 8 216 5 40 28 142 13 138
Compression (5) 50 91 2 167 4 85 3 81 8 216 4 32 22 112 7 74
Horizontal shear (6) 65 11.8 — — 2 43 3 81 6 162 2 16 39 198 13 138
Invalid test (7) 1 02 — — — — 1 27 — — - -  —  —  —

Other (8) 7 3 - - - - — — — - 1 038 5 25 1 1.1
Total 550 100 12 100 47 100 37 100 37 100 126 100 197 100 94 100

* Slope-of-grain.
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Table 32—Mean properties by failure code and size for Select Structural (SS) grade

a
Failure code MONI[:an All locations ~ Fort Ord Oakland Washington Minnesota
Size (Table 2) (x10°b/in"y SG N % N % N % N % N %
2by 6 Tension-wood (1) 7.48 052 30 316 4 333 16 340 10 278 — —
Tension-knot (2) 5.14 0.51 19 200 1 83 6 128 12 333 — —
Tension-damage (3) 7.20 0.54 16 16.8 1 83 11 234 1T — —
Tension-SOG® (4) 6.68 049 16 168 4 333 17.0 T — —
Compression (5) 9.43 0.51 9 9.5 2 167 4 85 3 83 — —
Horizontal shear (6) 7.75 0.56 5 53 0 00 2 43 3 83 — —
Total 7.03a 0.52* 95 100 12 100 47 100 36 100 —  —

2 by 8 Tension-wood (1) 6.71 0.50 34 21.0 6 162 — — 28 224 — —
Tension-knot (2) 5.36 048 72 444 5 135 — — 67 536 — —
Tension-damage (3) 6.17 051 23 142 4 108 — — 19 152 — —
Tension-SOG (4) 5.77 051 13 80 8 216 — — 5 40 — —
Compression (5) 8.67 051 12 74 8 216 — @— 4 32 — —
Horizontal shear (6) 6.55 0.52 8 4.9 6 162 — — 2 16 — —
Total 6.11a 0.49* 162 100 37 100 — — 125100 — —

2 by 10 Tension-wood (1) 6.68 052 30 103 — — 17 86 — — 13 13.8
Tension-knot (2) 4.56 049 93 320 — — 50 254 — — 43 457
Tension-damage (3) 5.49 053 40 137 — — 36 183 — — 4 4.3
Tension-SOG (4) 5.55 052 41 141 — — 28 142 — — 13 138
Compression (5) 7.44 054 29 100 — — 22 112 — — 7 7.4
Horizontal shear (6) 5.95 052 52 179 — — 39 198 — — 13 138
Other (8) 7.84 0.51 6 21 — — 5 25 — — 1 1.1
Total 5.65 0.51* 291 100 — — 197 100 — — 94 100

“Means shown are same as reported in Table 8.
"Slope of grain.

* About 18% (52 of 291) of the 2 by 10s failed in horizon-
tal shear; however, these boards exhibited a greater MOR
than the rest of the 2 by 10s (5.95 x103 Ib/in? compared
with 5.65 x103 1b/in2).

Analysis of Full-Size Lumber
by Grade

Up to this point, all analyses were by grade and size. No
adjustments were made to the data other than to correct for
MC. Though useful information was developed, analyz-
ing cells of data by size and grade resulted in data sets that
could be rather small and reduced the statistical confidence
of the results. In this section, the full-size lumber data have
been adjusted to a common size (2 by 8) and a variety of
analyses performed. Whereas some of these analyses du-
plicate those performed earlier, they involve more data and
should provide more confidence in the results. No adjust-
ments for location or SG were made. Only MOR is reported.

As indicated in Table 33, a comparison of the bending
strength of all lumber, the combined Douglas-fir and larch
(L) data and lumber of other species is made. Results

indicate that the mean MOR of the all grades/sizes data set
is only about 2% lower than the DF/L alone. Further, a sta-
tistical significance test indicates that the Douglas-fir and
larch lumber MOR is significantly different than the other
species MOR. A statistical significance test to compare the
all grades/sizes data set and the Douglas-fir and larch data
set would be illogical because the Douglas-fir and larch data
are a subset of the all grades/sizes data set. Assuming that
the species variability found in this study is representative
of other deconstruction sites, these results indicate that the
inclusion of species other than Douglas-fir and larch (at least
up to the proportion present in this data set) does not appre-
ciably affect either the mean or 5th percentile MOR estimate
of the whole population of lumber.

Table 34 indicates the results of analyzing all the full-size
lumber data by grade. As expected, there is a significant
difference in the mean and 5th percentile MOR in the two
grades, with the SS grade significantly higher than the
No. 2 grade.

Table 35 shows the results of sorting the size-adjusted full-
size lumber data by failure type. As indicated in the table,
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Table 33—Bending strength of reclaimed lumber by species mixed size®

and grade
Mean MOR  Statistical 5th percentile MOR  Statistical
N (x10°Ib/in®) difference (x10° Ib/in?) difference
All grades, sizes 1,078 5.56 2.36
DF/L® 991 5.64 A° 2.45 A
Other species 87 4.61 B¢ 1.49 B

* All full-size lumber data adjusted to 2 by 8 size.
® Douglas-fir and larch.
¢ Differences indicate a significance level at < 0.0001.

Table 34—Bending strength of all sizes by grade,
Douglas-fir and larch only

Mean MOR  Statistical 5th percentile MOR
N (x10° Ib/in®)* difference  (x10° Ib/in%)
SS 550 6.32 A° 3.09
No.2 441 479 B® 2.09

* All full-size lumber data adjusted to 2 by 8 size.
® Differences indicate a significance level at < 0.0001.

lumber exhibiting compression failures resulted in the
highest MORs, followed by wood tension, shear, damage,
SOG, and knots. This ranking was consistent for both grades
and when grades were mixed. As was indicated in earlier
analysis, knot failures are the critical lumber characteristic
in terms of bending strength. Note also that knot failures are
the most common failure type, making up nearly half the
failures. As a group, SOG failures produce the second low-
est MORs, likely due to the effect of splits on strength. Also,
note that shear failures are common, making up about 9%
of all failures. Shear failures made up about 12% of failures
in the SS grade and a much lower 6% in the No. 2 grade.
These findings are consistent with the results of the earlier
analysis by size and grade.

Table 36 groups the bending strength of size-adjusted full-
sized reclaimed lumber by GDD. Because the lumber in

the SS grade had no GDD, only the No. 2 grade is shown.
Interestingly, the lowest strength boards were those that had
splits as the GDD. The next lowest in strength are knots.
This is reasonably consistent with the findings of Table 36.
Damage determined grade for almost half the No. 2 grade;
however, damage was involved in the failure for 9% of the
lumber. This might suggest that the grading for damage is
too conservative.

Conclusions

Based on the analysis of test data generated from both small
clear specimen testing and full-sized lumber tests, several
conclusions can be drawn.

Clear Wood Properties

Based on the analysis of the calculated properties for the
small clear bending test specimens cut from reclaimed
Douglas-fir dimensional lumber—
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1. Mean bending strength (MOR) was essentially the same
as that of historical data.

2. Mean SG was essentially the same as that in historical
data.

3. Mean MOE was about 10% greater than that in historical
data.

4. Differences in MOR between groups of lumber from dif-
ferent locations can be explained by differences in SG.

Based on these observations, we conclude that MOR and
MOE of clear wood appear to be unaffected by aging and
previous load history.

Full-Size Lumber Properties

Based on the analysis of the calculated properties from
the bending tests of reclaimed Douglas-fir dimensional
lumber—

1. Mean bending strength (MOR) was about 25% lower
than in-grade test data.

2. Mean stiffness (MOE) was about 10% higher than in-
grade test data.

3. Existing size-effect equations are applicable for re-
claimed lumber.

4. No geographical location effect was found for the four
locations tested.

5. Nail holes become influential to MOR when they were
closely spaced or if they had created further splitting, pri-
marily when located at the high-stress tension edge.

6. Shear failures were found to be relatively common in
testing reclaimed lumber, though the bending strength of
this lumber was higher than lumber failing at knots.
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Table 35—Bending strength of Douglas-fir and larch by failure

type
All grades SS No. 2

MOR MOR MOR
Failure type N (x10°Ib/in®)* N (x10°Ib/in®)* N (x10° Ib/in®)*
Compression 71 8.20 50 8.52 21 7.43
Wood tension 152 6.75 94 7.06 58 6.25
Shear 97 6.33 65 6.71 32 5.56
Damage 115 6.00 79 6.27 36 5.42
SOG" 126 5.60 70 6.15 56 4.92
Knot 418 4.48 184 5.21 234 391

* All full-size lumber data adjusted to 2 by 8 size.

" Slope of grain.

Table 36—Bending strength of No. 2
lumber by grade determining defect
(GDD), Douglas-fir and larch only

No. 2 grade
MOR

GDD N (x10° b/in?)?
Wane 5 6.74
Bolt holes 0 0
Other (skip, narrow, etc.) 26 6.22
Damage 147 5.40
Shake 31 5.21
SOG 30 4.36
Knots 173 4.07
Splits 11 3.93
Drying checks 2 2.78

“All full-size lumber data adjusted to 2 by 8 size.

. The frequency of lumber failures involving damage were

less common than lumber with damage as the grade-
determining defect, suggesting that grading may be too
conservative regarding damage. In addition, lumber fail-
ing at points of damage exhibited higher bending strength
than lumber failing at knots. Additionally, the frequency
of failures at points of damage was higher for SS than
No. 2 grades.

Recommendations

The following recommendations are made with respect to
the regrading and reuse of salvaged lumber:

1.

Reclaimed lumber should be regraded before reuse.
Grading rules, and possibly design guidelines, should
formally recognize this material and provide guidance
regarding appropriate reuse.

. Any requirements for reuse should recognize the imprac-

ticality of identifying the exact species of each piece of
2-by lumber salvaged and accommodate some degree of
species mixing.

3. Regular edge-nail holes should be placed in the compres-
sion zone, or away from the highest tension zone in
design.
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Appendix—Reclaimed Lumber Test Worksheet

General Information Setup - :-‘ - : =
v[ v
—>
Size: 2x8 20" MOD
Species: Douglas-fir > 9
Location: Washington 1
EML #: 20005 B5 Nail Holes
Test #: Orientation
Date: Nail Holes: Up Down None
Specimen #:
Worst Flaw
Orientation
Dimensions Visual Up Down None
Failure Causing Up Down None
b= in.
= in.
L= in. Failure Information
Sag = in.
Failure Code:
Third Point Bending Macro Output
Crjoss-spction
Time = seconds
Pmax= kips
MOR = Ib/in.”
r’=
# points =
SEE = Ib/in.?
MOE = ksi*103
Board Schematic
Splits T -
!
Edge: None Some  Severe )
Face : None Some  Severe

Moisture Meter I:l%

Comments

Spacing

Type

Opposite
Face
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