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Abstract

This report presents experimental results of modulus of
rupture and shear strength tests on unsplit, green, sawn
Douglas-fir lumber. Five different size-matched specimens,

ranging from nominal 2- by 4-in. (standard 38- by §9-mm) to

nominal 4- by 14-in. (standard 95- by 343-mm), were tested
in third-point bending and five-point beam shear. A total of
120 bending and 160 shear specimens, as well as shear
blocks cut from each beam, were tested. Results adjusted to
12 percent moisture content are compared with results from
prior research on Douglas-fir glued-laminated timber beams.
Statistical methods were used to investigate possible correla-

tions of shear strength to beam size, shear strength to bending

strength, and beam shear strength to ASTM shear block
strength. The results indicate that (1) a five-point test setup
can consistently produce beam shear failures over a wide
range of beam sizes, (2) shear strength is dependent on beam
shear area, (3) beam shear strength is related to ASTM D143
shear block strength values provided that the re-entrant cor-
ner stress-concentration effects are considered, and (4) a low
correlation exists between modulus of rupture and shear
strength.
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Introduction

Mechanical properties of lumber were historically deter-
mined from small, straight-grained, clear specimens. The
clear wood values established a baseline from which allow-
able design values were derived according to American
Society for Testing and Materials (ASTM) procedures. In
recent years, allowable mechanical values have been based
on full-sized structural members. In a cooperative effort, the
United States and Canada conducted the In-Grade program
to establish some mechanical properties of most commercial
softwood species and grades of lumber in both countries.
Standardized methods for testing the modulus of elasticity,
modulus of rupture, compression strength parallel-to-grain,
and tension strength parallel-to-grain properties in ASTM
D1990 (ASTM 1995) were established for this effort. At the
time of the In-Grade program, no standardized method was
available for testing structural members for shear strength.
Therefore, current allowable shear strength values are still
based on a small, clear specimen procedure set forth in
ASTM D245 (ASTM 1995).

Ethington and others (1979) traced the evolution of allow-
able shear stress values since about 1900 to explain the
development of the ASTM D245 factors. Currently, ASTM
D245 adjusts the 5-percent percentile shear-strength values
of ASTM D2555 (ASTM 1995) for clear, straight-grained
softwood species by an adjustment factor of 1/4.1 and a
strength ratio of 1 to 0.50. The adjustment factor consists of
three subfactors:

1. stress concentration of 0.44, which accounts for the
stress riser at the end of checks

2. duration of load of 0.62, which adjusts 10-min test data
to accumulated 10-year live-load expectancy

3. experience factor of 0.89

The strength ratio adjusts for splits, checks, or shakes.
A 0.5 adjustment is taken when the defect is equal in length
to the wide face measurement.

The ASTM D245 adjustment factors are a direct result of the
inability to create a high percentage of shear failures in wood
beams and Newlin’s early influence on design stress values.
The shear strength of ASTM D143 (ASTM 1995) shear
blocks is higher than the shear strength observed from tests
of beams. Therefore, to determine a realistic relationship
between the shear strength of clear wood and beams, a new
test method was developed for beam shear strength that is
applicable to a range of beam sizes.

Rammer and Soltis (1994) experimentally tested the shear
strength of Southern Pine and Douglas-fir glued-laminated
beams with a five-point beam shear setup. This work indi-
cated that shear strength varies with beam size and may be
correlated to the standard ASTM D143 shear block values.
The research reported here is an extension of this work to
solid-sawn Douglas-fir. The objective of this study was to
improve current shear design criteria by

e establishing a data base for beam shear strength of solid-
sawn Douglas-fir lumber and correlating it to shear block
test results,

e verifying if the beam-size equation for shear strength and
beam size is valid for solid-sawn material,

e determining whether shear strength is more dependent on
shear area, volume, or depth for modeling purposes, and

e determining if there is a correlation between shear and
bending strength.



Background

In the early 1900s, small clear test specimens were recog-
nized as having higher shear strength than larger beam mem-
bers (Ethington and others 1979). In the mid 1920s, the
ASTM adopted a standard shear block test method for clear
wood proposed by the USDA Forest Service, Forest Products
Laboratory. The ASTM D143 (ASTM 1995) shear block test
consists of a 2- by 2- by 2.5-in. (51- by 51- by 64-mm) clear
wood specimen with a 2- by 2-in. (51- by 51-mm) failure
surface (Fig. 1). Results of this test, in conjunction with
techniques outlined in ASTM D2555 (ASTM 1995), deter-
mine shear strength values for green, clear, straight-grained
wood. The ASTM D245 procedure (ASTM 1995) modifies
these shear strength values to derive allowable design values
for lumber. One criticism of this procedure lies in the
strength values of the ASTM shear block.

The ASTM shear block test does not result in pure shear
failures since moments and local stress concentrations are
present across the failure plane. The stress concentration at
the re-entrant corner of the shear block has raised a question
of the adequacy of the test for determining realistic shear
strength values. Rammer and Soltis (1994) reviewed the
effect of the re-entrant corner on the shear stress distribution
in the ASTM shear block test. By summarizing both experi-
mental and finite element studies, the authors showed that the
ASTM assumed shear strength (tagy) is less than the true
failure stress (1g) by a factor of about 2.0.

The results from ASTM D143 clear wood shear block
specimens are not representative of the shear strength of
structural beams and do not account for local defects: checks,
splits, and knots. Attempts to characterize the decreased
shear strength with increased beam size began in the 1960s.
Huggins and others (1966) observed shear strength variation
during a Canadian bridge stringer research project. They
concluded that shear strength is a function of beam depth and
shear span, where shear span is defined as the distance be-
tween a support and the nearest concentrated load. They
stated that shear strength generally tends to decrease as the
shear span-to-depth ratio increases. They also observed that
shear strength decreases to an asymptotic level for large
span-to-depth ratios.

Keenan (1974) reviewed prior research studies in which
shear failures had occurred and found a relationship between
shear strength and beam size. He also conducted tests on
small clear specimens and used finite element models to
indicate that the shear strength of Douglas-fir glued-
laminated beams depended on the sheared area. Keenan
defined sheared area as the shear span, as defined by Hug-
gins and others (1966), multiplied by beam width. This
parameter is easily defined for members loaded by concen-
trated loads, but is undefined for uniformly distributed loads.

(64 mm)

e 2-1/2 in. —™

Figure 1—ASTM shear block.

Keenan also concluded that the two-beam theory proposed
by Newlin and others (1934) is not applicable to glued-lami-
nated beams.

Foschi and Barrett applied the Weibull theory (Weibull
1939) to the tension and shear strength of wood. Barrett
(1974) applied the theory to the tension perpendicular to
grain, and Foschi and Barrett (1976,1977) applied the theory
to the shear strength of wood. These authors related shear
strength to an integrated stress volume defined by Weibull
theory.

The Weibull theory is a statistically based theory for pre-
dicting the strength of a material. The theory is most applica-
ble to predicting the strength of brittle materials. The fol-
lowing equation is the basis for the theory:

p=1-ef"" (1)
This equation is based on the premise that a larger volume
will contain more strength-reducing flaws than a smaller
volume. Probability of fracture, P, is related to n(c), a posi-
tive nondecreasing function, and volume V. Weibull pro-
posed a two parameter relationship of

_Oo nid
U(U)*E‘TOE 2

which is related to observed experimental results. The m
parameter characterizes the flaws in a material, and the o



parameter is a reference stress level. After applying the
theory to a wider array of experimental results, Weibull
added a parameter o, to account for the truncation of data by
specimen formation process by setting a level of stress below
which the component will never fail. The three parameters
are determined from experimental data.

The stress parameter o is a function of beam depth, span, and
width; therefore, the stress distribution from loading and
material parameters together define the risk of fracture of a
given material. Using Weibull theory for shear strength
prediction is difficult since the stress distribution requires
numerical integration of the volume integral. Foschi and
Barrett performed these calculations for various loadings and
proposed a design procedure to account for shear stress
variation. This approach has been adopted in Canadian stan-
dards (CSA 1984).

Longworth (1977) experimentally verified that the ASTM
shear block strength is not representative of beam strength
and that beam size, sheared area, or volume appreciably
affects shear strength. He tested 150 glued-laminated Doug-
las-fir beams, manufactured following the Canadian CSA
0177 qualifications, using a four-point bending test with
small length-to-depth (I/d) ratios. Plots of shear strength as a
function of Keenan’s shear area show higher strength values
for small shear areas and asymptotically decreasing values
for larger shear areas.

Quaile and Keenan (1978) created a specially designed
glued-laminated material beam shear test to maximize shear
failure in rectangular beams. This test specimen configura-
tion successfully produced shear failures in 104 of 108
specimens tested, and gave further evidence that the ASTM
shear block test produces lower strength values than is evi-
dent in small rectangular beams. Using the special test
specimen, Keenan and others (1985) determined the shear
strength of spruce glued-laminated beams. The study
focused on a range of factors—from small clear specimens to
standard glued-laminated sizes and three species of spruce
(white, black, and eastern). The authors concluded that shear
strength is a function of sheared area, not volume.

Rammer and Soltis (1994) tested both Southern Pine and
Douglas-fir glued-laminated beams in five-point bending.
The results showed a high percentage of beam shear failures:
102 of 138 Southern Pine and 170 of 192 Douglas-fir beams
failed in shear. The authors concluded that shear strength is a
function of shear area and is related to the ASTM shear block
through the following equation:

_ 1.3CfT ASTM

NG 3)

where
T is beam shear strength (Ib/in’),

Ce stress concentration factor to adjust the ASTM
shear block assumed value to true maximum
stress,

TASTM ASTM D143 published shear block value, and

A shear area (area of beam subjected to shear
forces).

Rammer and Soltis’s definition of shear area differs from that
of Keenan and others (1985), who defined shear area as shear
span times beam width, where shear span was defined as the
length of the beam under positive shear. In the work reported
here, shear area is defined as the length under both positive
and negative shear in the region of high shear. This definition
results in a shear area equivalent to twice Keenan’s defined
area for most cases encountered in engineering design.

Additional collaboration of the shear strength—beam size
equation developed by Rammer and Soltis (1994) is ob-
served using data generated by the American Plywood Asso-
ciation (APA) (Yeh 1993). The APA conducted simply
supported shear tests on 115 Douglas-fir glued-laminated
beams. Their data exhibited similar strength values and fell
within the variability of Longworth’s and Rammer and
Soltis’s studies on Douglas-fir glued-laminated beams, as
shown in Figure 2.
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Figure 2—Comparison of various data for relationship
of shear strength to shear area for Douglas-fir glued-
laminated beams. APA T93-2, Yeh (1993); FPL 527,
Rammer and Soltis (1994); Longworth (1977).



Research Methods

Shear and bending strengths of specimens matched by stress-
wave elastic modulus values were determined for green
Douglas-fir beams of several sizes. Five-point bending
specimens were tested to determine beam shear strength.
Third-point bending specimens were tested to determine
modulus of rupture and modulus of elasticity. Solid-sawn
beam strength and shear block strength were related through
ASTM D143 shear blocks cut from each test specimen.

Materials

A total of 680 green No. 2 grade or better Douglas-fir
(Pseudotsuga menziesii) beams were obtained from a lumber
mill located near Portland, Oregon, for determination of
shear and bending strength properties. Nominal dimensions
ranged from 4 in. by 14 in. by 18 ft (standard 89 mm by 343
mm by 5.49 m) to 2 in. by 4 in. by 10 ft (standard 38 mm by
89 mm by 3.05 m). The number and average size of each
member group are listed in Table 1. (Beams will hereafter be
referred to by their nominal dimensions: 2 by 4, 2 by 10, etc.)
Upon arrival at the Forest Products Laboratory, each size of
shear specimens was sorted into three groups and each size
of bending specimens was sorted into two groups based on
stress-wave elastic modulus values. Thus, the statistical
distribution of modulus of elasticity was matched between
bending and shear specimen groups for each size except the 2
by 4 beams. For this size, both bending and shear specimens
were cut from one 10-ft- (3-m-) long stock member, resulting
in end-matched specimens. One group from each size was
tested in this study. The remaining material will be used for
future studies on shear strength. A flowchart of the complete
testing program is shown in Figure 3.

All material was stacked in an uncontrolled environment
until testing. Periodic moisture readings were taken to ensure
that specimen moisture content did not drop below

20 percent. Specimens were watered periodically to maintain
a moisture content greater than 20 percent. Testing was
conducted during the fall and winter months. To ensure that
temperature did not affect the results of strength tests, speci-
mens were moved inside at least 24 h before testing. Prelimi-
nary tests using thermocouples determined that this was an
appropriate length of time to thoroughly warm the
specimens.

Beam Shear Tests

A five-point bending test setup was used to maximize the
number of shear failures. This setup was previously used to
determine the shear strength of Southern Pine and Douglas-
fir glued-laminated beams (Rammer and Soltis 1994). The
setup consisted of a two-span beam with concentrated loads
symmetrically placed on either side of the center support,

Table 1—Dimensions and number of solid-sawn
Douglas Fir test specimens

Nominal _Actual average beam size  Number
dimen- Width Depth of
Test sions in. (mm) in. (mm) specimens
Shear 2by4 144 (37) 3.43 (87) 40
2by 10 1.42 (36) 9.32 (237) 40
4by8 3.89 (99) 7.97 (202) 40
4by12 3.85 (98) 11.88 (302) 20
4by 14 3.76 (95) 13.78 (350) 20
Bending 2 by 4 146 (37) 3.45 (88) 40
2by10 146 (37) 9.35 (238) 20
4 by 8 3.87 (98) 7.95 (202) 20
4by12 381 (97) 11.74 (298) 20
4by 14 3.80 (97) 13.79 (350) 20

resulting in larger shear forces than could be obtained by a
single-span test setup. Each setup had an overall length of
10d, where d is the actual depth of the specimen, and indi-
vidual center-to-center spans of 5d. Figure 4 shows the gen-
eral setup, and Table 2 lists dimensions for the test setups.

Special attention was given to the load application points.
Large loads needed to produce shear failures also created
excessive compression perpendicular-to-grain deformation
under the loading points. To limit these effects, the load and
support plates were designed to limit the compression per-
pendicular-to-grain stress to below 1,000 Ib/in” (6.89 MPa) at
failure. Since shear strength of the beam increases with
smaller sizes, proportionally higher compression stresses are
developed for smaller beams. Thus, as the beam size de-
creased, the relative distance between the end of the middle
plate and the end of the loading plate was decreased.

Bending Tests

Third-point bending tests on simple spans were conducted to
determine the modulus of rupture and bending modulus of
elasticity of the Douglas-fir beams. All beams tested had a
span of 15d, except the 4 by 8 specimens. These specimens
were tested on a 14d span because they were not long enough
to test on a 15d span and have full end bearing. Loads were
placed symmetrically around the centerline at a distance of
2.5d. Small, flat sliding plates distributed the load so that
compression perpendicular to grain did not influence the
strength results. Figure 5 shows the general setup, and Table
3 lists setup dimensions for the tests. This setup conforms to
ASTM D198 §8.5.2 (ASTM 1995) for determination of
flexural properties.
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Figure 4—Configuration for five-point loaded beam shear test.



Table 2—Setup dimensions for five-point loading
beam shear test

Plate length
Span length (in. (m)) (in. (mm))

Beam size 2.5d 5d b, o
2by4 8%, (0.22) 17'/,(0.44) 6(152)  8(203)
2by 10 2315 (0.59) 461/, (1.18) 12(305) 15 (45)
4by8 20 (0.51) 40 (1.02) 10(254) 12 (305)
4 by 12 29%/5 (0.75) 58%/4(1.49) 12(305) 15 (45)
4 by 14 345/5 (0.88) 69"/, (1.76) 15(381) 20 (508)

Failure Definition

A monotonic load was applied until failure in both bending
and shear tests. This load was applied at a rate that conforms
to ASTM D198 (ASTM 1995), which specifies maximum
load to be attained between 6 and 20 min, with failure
ideally occurring at 10 min.

Specimens tested for shear strength failed in one of three
modes: bending caused by tensile rupture or compressive
wrinkles, shear, or compression perpendicular to grain. Some
beam shear tests were stopped before reaching any of these
failure states because specimens had rotated in the test setup
to cause an unstable test configuration. In this case, the
maximum load before stopping the test was recorded for data
analysis and the specimen was not retested.

Measurements

Measurements included specimen size, weight, moisture
content, specific gravity, and maximum load at failure;
bending tests also included midspan deflection. Width and

depth dimensions were measured to the nearest 0.01in.
(0.25 mm) at loading points before testing. Specimens were
tested in green condition to reduce the occurrence of any
checks or splits. Moisture content readings were taken by
two methods. For the first method, a two-pin conductance
electronic moisture meter (ASTM 1995) was used at three
locations within the failure zone but away from the loading
points. For the beam shear specimens, an additional two
electronic moisture readings were taken above and below the
shear failure in a portion cut from the interior of the cross
section. The electronic moisture meter gives results to

30 percent moisture content, which was sometimes lower
than the moisture content of the specimens. The second
method was to cut small samples from the entire cross-
section of the beam and dry them in a oven according to
ASTM D4442 for moisture content and ASTM D2395 for
specific gravity (ASTM 1995).

Two types of screw-driven machines with different load-
measuring sensitivities were used, corresponding to esti-
mated failure loads. The 4 by 14 and 4 by 12 specimens were
tested with a 1 x 10° Ib (4.45-MN) capacity machine. The
remaining specimens were tested with a 175 x 10° 1b (779
kN) capacity machine. Load cell accuracies and loading rates
for all tests are listed in Table 4.

Deflection measurements were recorded by two methods for
the bending specimens. For all sizes except the 2 by 4

beams, deflections were measured within the shear-free zone
by a device that was placed on top of the beam and is similar
to the middle ordinate deflectometer in ASTM D3043
(ASTM 1995). More detail about the deflection measuring
procedures is provided in Appendix A. For 2 by 4 specimens,
a yolk supported at the neutral axis was used to measure

the midspan deflection relative to the end of the beam

P
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Figure 5—Configuration for third-point bending test.



Table 3—Setup dimensions for third-point bending
test

Span length (in. (m))

Beam size 2.5d 15d

2by4 8%/, (0.22) 521/, (1.33)
2by 10 235 (0.59) 1383, (3.52)
4by8 182/3 (0.47) 112 (2.84)
4 by 12 293%g (0.75) 1761, (4.48)
4 by 14 343/g (0.88) 206'/, (5.23)

with a linear variable differential transducer (LVDT) with a
computerized acquisition system. In both methods, deflec-
tions were read at 1-s intervals until failure.

Shear Block Tests

From each beam, two ASTM shear block specimens were cut
from undamaged sections adjacent to each other and near the
failure. One shear block was tested in the green condition,
and the other was tested after conditioning to 12 percent
moisture content. Testing procedures conformed to ASTM
D143, with the specimen cut along the grain of the material
(ASTM 1995). After testing, moisture content (ASTM
D4442) and specific gravity (method A, ASTM D2395) were
determined from the broken shear block specimens (ASTM
1995).

Analysis

Analytical procedures consisted of maximum stress and
elastic modulus calculations, adjustments for moisture con-
tent and specific gravity, and censored statistics calculations.

Table 4—Test loading rates and load cell accuracy

Maximum Stress Calculations

Five-Point Bending

Shear strength values were determined by idealizing the five-
point bending test as a single-span beam with one end fixed
and the other hinged, with the span length equal to the cen-
ter-to-center support distance. Shear cracks were typically
observed within the middle quarter of the beam depth. There-
fore, a parabolic shear stress distribution was assumed. This
assumption allows calculation of shear stresses based on
techniques consistent with current NDS design specifications
(AF&PA 1991).

Based on elementary strength of material principles, the
equation for maximum shear stress, in a beam fixed at one
end and simply supported at the other end, under the action
of a concentrated load at midspan is

33 P

= __ 4
32 bd @
where
1 is shear stress (Ib/in® (Pa)),
P load applied to one span, half the total
measured load (Ib (N)),
b beam width (in. (m)), and
d beam depth (in. (m)).

The load measured is the sum of the load applied at midspan
of each span of length 5d.

Third-Point Bending

Modulus of rupture values were calculated using beam
theory, considering only the load applied to the specimen

Shear tests Bending tests
Beam Load rate Load accuracy  Sensitivity® Load rate Load accuracy Sensitivity®
size in/min (mm/min) Ib (N) (%) in/min (mm/min) Ib (N) (%)
2by4 0.04 (1.0) 10 (44) 0.1 0.15 (3.8) 10 (44) 0.1
2 by 10 0.08 (2.0) 10 (44) 0.1 0.15 (3.8) 10 (44) 0.1
4by8 0.09 (2.4) 200 (890) 0.2 0.10 (2.5) 10 (44) 0.1
4 by 12 0.11 (2.8) 200 (890) 0.2 0.30 (7.6) 50 (222) 0.1
4 by 14 0.13 (3.3) 200 (890) 0.2 0.40 (10.2) 50 (222) 0.1

Percentage of load accuracy divided by maximum load.



and neglecting the dead weight of the beam. The maximum
stress at failure or modulus of rupture is

PL
o=—7
bd-

®)

where
o is flexural stress (Ib/in” (Pa)),
P total load applied to test setup (Ib (N)), and
L span length (in. (m)).

Elastic Modulus Calculations

Two techniques were used to determine the modulus of
elasticity. Both shear and bending specimens were nonde-
structively evaluated by stress wave techniques upon arrival
at the Forest Products Laboratory. In addition, bending
specimens were instrumented during testing to produce a
load versus displacement plot for calculating modulus of
elasticity. Equations for each method are outlined in the
following section.

Stress Wave of Shear Specimens

Stress wave testing is based upon propagation of compres-
sion waves in an elastic material. An impact from a hammer
induces a compression wave in the member. The time re-
quired for the compression wave to travel from one end of
the beam to the other and back is measured by an oscillo-
scope (Ross and Pellerin 1991,1994). Beam weight was
measured with a spring balance prior to testing. Weight of
each specimen was determined to the nearest pound for 4 by
8 and larger specimens and to the nearest half-pound for the
remainder of the specimens. With this information, the elastic
modulus of the beam was determined from

E,, =C%p (6)

where
Eg\y is stress wave elastic modulus (Ib/in’ (Pa)),

C  compression wave speed (in/s (N/m)), and
p  mass density of specimen (Ibm/in’ (kg/m’)).

Moisture content of each specimen was measured with a
two-pin conductance electronic moisture meter (ASTM
1995) to the nearest percentage up to 30 percent. Stress-
wave elastic values for all beam shear specimens are listed in
Appendix B.

Load and Deflection of Bending Specimens

Load and deflection measurements were continuously re-
corded while the beams were loaded to failure according to
ASTM D198 (1995) test procedures. Elastic modulus values
were calculated by linear regression of the load versus de-
flection data between 20 and 40 percent of the maximum
load at failure. For all specimens except the 2 by 4 speci-

mens, deflections were measured in the shear-free section of
the beam and were calculated with the following expression:

3Ls*
E= @ 7
% 4bd M
E s elastic modulus (Ib/in* (Pa)),
L beam span (in. (m)),
s

span length of test device (in. (m)), and
A midspan deflection (in. (m)).

where

Details of the experimental parameters for measuring elastic
modulus are given in Appendix A. For the 2 by 4 specimens,
deflections were measured relative to the neutral axis at each
end of the beam and thus included a component of shear
deformation. To account for shear deformation, the following
expression for modulus of elasticity was used:

3
P PL ®

4.7bd3A§— PL @
5bdGA

where the shear modulus G (Ib/in?) is taken to equal 1/16
times the calculated E. This meant that the calculated £ was
found by iteration. All bending elastic modulus values
published in this report are true or “shear free” values
(Appendix C).

Moisture Adjustments

ASTM D245 uses a seasoning factor to adjust green ASTM
D2555 strength values to defined dry conditions for lumber.
For solid-sawn lumber, dry is defined as an average moisture
content of 15 percent with a maximum of 19 percent mois-
ture content (ASTM D245); for glued-laminated timber
products, dry is defined as an average moisture content of

12 percent with a maximum of 16 percent moisture content
(ASTM D3737) (ASTM 1995). Dry/green ratios for adjust-
ing green, clear straight-grain wood strength values to

12 percent moisture content for many clear wood species are
given in ASTM D2555. Although ASTM D245 and ASTM
D2555 provide procedures for adjusting strength values from
green to a defined dry condition, these standards lack proce-
dures for adjusting strength values from any moisture content
other than green.

ASTM D2915 outlines a procedure for adjusting shear
strength for varying moisture conditions with green defined
as 22 percent moisture content, but advises that the expres-
sion not be used for adjustments that are more than 5 per-
centage points of moisture content. The following equation is
the ASTM D2915 expression for adjusting shear strength for
moisture content:

1.33-0.0167 M, E

I ©)
0133-0.0167M, O

2:



where
P, is shear strength at moisture content A/, and
P, shear strength adjusted to moisture content M,.

In addition to ASTM procedures, the following exponential
formula for adjusting strength values at moisture contents
other than green or dry was proposed by Wilson (1932):

OM,-M,0 S
log S5 =log S, + B———[log == (10)
; OM,-M,0 ° 8,

where S; is strength (Ib/in* (Pa)) at a given moisture content.
Equation (10) is to be applied between 9 percent and M,
moisture content. M, is defined as that moisture content that
intersects a horizontal line representing green strength and a
line representing logarithmic strength—moisture relationships
and is lower than the fiber saturation point. The Wood Hand-
book (Forest Products Laboratory 1987) defines this A,
value as 24 percent for Douglas-fir. In the 1955 edition of the
Wood Handbook, this expression is rearranged as

log (S, /S,)U

logS; =logS, (M, - M 11
gS; =log$, (M, 3)%@()

where
S; is estimated strength value at M5 moisture
content,
M;  moisture content at which estimated strength
is desired,

S, known strength at moisture content M,,

S1»/S,  dry/green ratio for strength property of
interest, and

M, intersection moisture content (percent),

which gives a good estimate of the strength value with known
dry/green ratios. The specific moisture adjustment used will
be noted before each calculation.

Specific Gravity Adjustments

Table 1 of ASTM D2555 (ASTM 1995) currently specifies
an average green clear wood specific gravity of 0.45 for
coast and interior north Douglas-fir, 0.46 for interior west
Douglas-fir, and 0.43 for south Douglas-fir. In our tests, the
specific gravity values of bending and shear test specimens
were different than these standardized values. Adjustments
derived from ASTM shear blocks were applied to account for
differences in strength from specific gravity. Specific gravity
adjustments for green Douglas-fir species are found in the
Western Wood Density Survey (Forest Products

Laboratory 1965). These adjustments consist of linear equa-
tions for the four U.S. regions of Douglas-fir; the coefficients
of the linear expressions are listed in Table 5. These adjust-
ments are used to normalize the data to a specific gravity of
0.45 when noted.

Table 5—Coefficients of linear regression for green
shear strength as function of specific gravity®

Intercept Slope

Douglas-fir species (Ib/in2) (MPa) (Ib/in2/SG) (MPa)

Coast 193 (1.33) 1,580 (10.89)
Interior west 174 (1.20) 1,699 (11.71)
Interior north 184 (1.27) 1,711 (11.80)
Interior south 18 (0.24) 2,171 (14.97)

*Western Wood Density Survey (1965). SG is specific
gravity.

Censored Statistics Calculations

Beam shear specimens are expected to have failure modes
other than shear, based on the results of Rammer and Soltis
(1994) and Leicester and Breitinger (1992). Information
from suspended shear tests can still be used to calculate
means and standard deviations. The following are the expres-
sions for the maximum likelihood estimators (MLEs) that
take censored data sets into consideration.

The MLE procedure uses the following expressions and
techniques as described in Lawless (1982), exploiting the
relationship that if shear strength distribution is lognormal,
log shear strength is normally distributed. The likelihood
function' is expressed as:

oA o

where p and o are the true population mean and standard
deviation of the normal distribution, respectively; ¢ and QO
are expressions of the standard normal probability density
and survivor functions (one minus cumulative distribution
function), respectively; D is the set of specimens for which y;
is the observed log shear strength; and C is the set of speci-
mens for which y; is the observed log censored shear
strength. Expressions of the standard normal density and
survivor functions are as follow:

v —HO_ 1 —-w/oir2
o= (13)
o E 271
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! |_| is defined as the range of products, which means
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Substituting ¢ and Q into Equation (12) and taking the
logarithm of the expression results in the log likelihood
function

1
logl(u,0)=~-rlogo-——=73% (», -y’
20°

Oy, —ud r
+Y1 B’V’— +—log(27T
]DZCOgQ T og(2m)

where r is the number of observed uncensored shear
strengths. Estimates of the mean and standard deviation are
determined by maximizing the log likelihood function.
Maximize Equation (15) by taking derivatives with respect to
both ¢ and p and setting each expression to zero. This leads
to the following system of equations:

Szi+ Y VE)=0 (16)
D i

(15)

—r+ zz,.z +3 2V (z)=0 (17)
iD ic

where V{(z;) is the hazard function of the normal distribution,
&(z;)/O(z;), and z;= (y;— w)/c. Estimates of the mean and
standard deviation, I and G, are determined by an iterative

process using Equations (16) and (17). Approximate standard
errors of the estimated mean and variance are determined
by inverting the Fisher information matrix I, (Eq. (18)).

E—dz logl  -9%log LE
_0 o dudo [ 18)
¢ B—dz logl -d°log LS
U dudo 9% [

where log L is the log likelihood function in Equation (15).
The square root of the diagonal entries of the inverted matrix
are approximate standard errors for {1 and & . This proce-
dure determines the maximum likelihood estimates of mean
and standard deviations of the normal distributed log shear
stress, (1 and G .

For comparison with experimental observations, the follow-
ing expressions were used to calculate the lognormal mean

and standard deviations, {1, and G, , which are one-to-one

functions of the estimates 1 and & :
f,o= et (19)

N ~ 552 =2
6, =R —e7)" 0)

where [ = e (estimated median value of strength). These

expressions, Equations (12) through (20), are used to esti-
mate censored data set means and standard deviations.

Results

Average values and coefficients of variation for beam shear,
flexural strength, and shear block specimens are summarized
in Tables 6 through 9. Data for individual Douglas-fir beam

shear and bending specimens are presented in Appendixes B
and C, respectively.

Shear Tests

Five-point bending tests resulted in 99 shear failures out of
160 specimens tested—a 62-percent shear failure rate.

Table 6 lists the average shear strength values and coeffi-
cients of variation of only those specimens that failed in
shear, along with the shear stress at failure regardless of
failure mode for each beam size tested. Shear strength and
shear stress at failure were approximately equal for beam
sizes that had a high percentage of shear failures. For the

2 by 4 and 2 by 10 specimens with a lower percentage of
shear failures, shear strength and shear stress at failure were
different, possibly indicating that the true average shear
strength is higher. The coefficient of variation values for
solid-sawn Douglas-fir shear strength reported here—11.5 to
17.9 percent—are greater than the 8-percent values observed
in glued-laminated Douglas-fir beams (Rammer and Soltis
1994). Cumulative distributions of shear strength for each
beam size, including specimens that failed in modes other
than shear, are shown in Figure 6. Results shown were not
adjusted for moisture content or specific gravity. Detailed
information for each specimen is given in Appendix B.

Bending Tests

Most of the 120 beams tested in bending failed either in
tension or compression parallel to the grain. The type of
beam failure for each specimen is described in Appendix C.
Average modulus of rupture, coefficient of variation, and
average moisture content for each beam size are shown in
Table 7. Cumulative distributions of the modulus of rupture
for each beam size are shown in Figure 7; the data were not
adjusted to a reference moisture or specific gravity. During
bending tests of 4 by 8 specimens, one specimen failed by
shear at an existing check.

Shear Block Tests

Two shear block specimens were cut from each beam test
specimen regardless of failure mode. One shear block
specimen was tested at approximately the same moisture
content as that of the beam at the time of testing; the other



Table 6—Douglas-fir beam shear strength results

Shear  Moisture Shear Shear stress
failures/  content strength cov?® at failure Ccov
Beam size total tests (%) Ib/in (MPa) (%) Ib/in® (MPa) (%)

2by4 24/40 209 1,440(9.92) 115 1,370 (9.45) 13.4
2 by 10 11/40 21.7 973 (6.71) 16.8 921 (6.35) 16.2
4by38 30/40 246 870 (5.99) 13.2 860 (5.92) 13.8
4 by 12 17/20 246 750 (5.02) 17.9 750 (5.15) 18.8
4 by 14 17/20 239 730 (5.01) 12.7 740 (5.10) 12.8

a
COV is coefficient of variation.

Table 7—Douglas-fir bending strength results

Average Modulus of

Number  moisture rugture Ccov
Beam size oftests content (%) Ib/in® (MPa) (%)
2by4 40 20.2 6,250 (43.1) 23.2
2 by 10 20 20.4 3,380 (23.3) 271
4by8 20 23.8 4,500 (31.0) 28.8
4 by 12 20 231 3,610 (24.9) 31.8
4 by 14 20 19.8 4,050 (28.0) 41.2

Table 8—ASTM shear block strength test results

Number Specific Moisture Shear strength  Shear strength
Condition Beam size of tests gravity? COV  content (%) Ib/in® (MPa) cov® (%)
Green 2by4 40 0.43 13.7 21.2 1,090 (7.49) 18.3
2 by 10 40 0.40 10.9 257 920 (6.32) 211
4by8 40 0.44 13.1 28.0 970 (6.70) 21.8
4 by 12 20 0.46 11.3 28.1 1,040 (7.19) 15.7
4 by 14 20 0.43 8.5 25.9 980 (6.78) 104
Wood Handbook® 0.45° — — 900 (6.21) 14
Dry 2by4 40 0.46 13.1 11.0 1,620 (11.2) 16.0
2 by 10 39 0.45 11.2 10.6 1,450 (10.0) 13.6
4 by 8 40 0.46 13.8 11.0 1,600 (11.0) 15.4
4 by 12 20 0.49 14.7 11.4 1,530 (10.6) 16.0
4 by 14 19 0.45 10.2 10.8 1,450 (9.99) 15.0
Wood Handbook 0.48¢ — — 1,130 (7.79) 14
0.48¢ — — 1,400 (9.65) —

@Based on ovendry weight divided by wet volume.
®Forest Products Laboratory (1987).

°Coast Douglas-fir.

YInterior north Douglas-fir.



Table 9—ASTM shear block third-point bending test results

Number of Specific Moisture  Shear strength Shear strength
Condition Beam size tests gravity® COV content (%) Ib/in? (MPa) COV (%)
Green 2by4 40 0.43 12.7 24.3 960 (6.60) 17.8
2by 10 20 0.40 14.2 225 970 (6.70) 19.3
4 by 8 20 0.44 11.6 311 990 (6.83) 12.8
4 by 12 20 0.41 8.7 27.6 910 (6.28) 14.2
4 by 14 20 0.45 11.7 19.5 1,110 (7.66) 231
Wood Handbook” 0.45¢ R — 900 (6.21) 14
Dry 2by4 40 0.45 16.1 10.6 1,630 (11.2) 18.8
2by 10 19 0.42 13.6 10.8 1,420 (9.77) 18.7
4by8 20 0.46 12.3 11.1 1,590 (10.0) 16.9
4 by 12 20 0.43 12.2 11.0 1,390 (9.56) 17.9
4 by 14 20 0.48 13.0 11.2 1,560 (10.6) 12.7
Wood Handbook 0.48° — — 1,130 (7.79) 14
0.48¢ — — 1,400 (9.65) —
@Based on ovendry weight divided by wet volume.
bForest Products Laboratory (1987).
®Coast Douglas-fir.
9Interior north Douglas-fir.
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shear block specimen was dried to about 12 percent moisture
content before testing. Average values and coefficients of
variation for green and dry shear blocks are listed in Tables 8§
and 9. Cumulative distribution of shear block data is shown
in Figure 8. The values for green shear blocks were similar to
published average strength and variability (Forest Products
Laboratory 1987, ASTM 1995). The strength values for dry
shear blocks, however, were greater than the published val-
ues of 1,130 to 1,510 Ib/in® (7.8 to 10.4 MPa) (Forest Prod-
ucts Laboratory 1987). However, the variation was similar to
accepted levels. High dry shear strength values resulted in an
experimental dry/green ratio greater than the ASTM D2555
dry/green ratio (Table 10). Specific gravity results (ovendry
weight/green volume) were within the typical 1,130 to 1,510
Ib/in® (7.8 to 10.4 MPa) range for coast Douglas-fir (0.48).

Discussion

The five-point bending test procedure produced 99 shear
failures in 160 tests, resulting in a 62-percent success rate. Of
the 61 specimens that did not fail in shear, 52 failed in
bending and 9 had excessive compression under loading
points or problems with stability. The lowest level of success
occurred in the 2 by 10 specimens. These specimens experi-
enced a high incidence of bending failures, which was attrib-
uted to lower than average modulus of rupture. The average
modulus of rupture of the 2 by 10 specimens was

16 percent lower than the in-grade average of 4,040 1b/in’
(27.9 MPa) for this beam size at 23 percent moisture content
(Evans and Green 1987). Other types of failure observed in
the 2 by 10 specimens were local buckling and compression.
A smaller aspect ratio (beam height divided by width) should
also reduce the problem of local and lateral stability in future
tests.

In general, shear failures started in the wood at the highly
stressed region between the load supports and rarely propa-
gated past the loading points (Fig. 9). Shear failures were
observed in a five-point bending test by the relative longitu-
dinal displacement of vertical lines drawn prior to testing. In
this test, cracks propagate from the highly shear stressed
middle half of the beam and continue until there is a reduc-
tion in shear stress, near the loading points. In our tests, the
cracks did not propagate to the end of the beam, and thus
failure could not be identified by visible end-displacement. A
substantial load reduction was always noted at crack initia-
tion. In some cases, a sustained load after shear failure pro-
duced a bending failure. This is reasonable because after
failing in shear, the cross-sectional moment of inertia is
reduced by about 75 percent; therefore, even with a reduction
in load after cracking, the remaining cross-section could fail
in bending.
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Figure 8—Cumulative distribution of Douglas-fir ASTM
shear block strengths: (a) shear blocks obtained from
original beam shear specimens; (b) shear blocks
obtained from original bending specimens. Open
symbols indicate shear strength values at moisture
content of original specimen. Solid symbols indicate
shear strength values of dry specimens.

Table 10—ASTM D2555 dry/green ratios for Douglas-fir

Douglas-fir Modulus of  Modulus of Shear
species rupture elasticity strength
Coast 1.62 1.25 1.38
Interior west 1.64 1.21 1.59
Interior north 1.76 1.27 1.48
Interior south 1.75 1.28 1.59




Figure 9—Shear failures observed during testing:
(a) cross-sectional view of beam; (b) side view of
beam.

Overall, using a five-point loading configuration to evaluate
shear strength of unsplit Douglas-fir beams is an acceptable
method for producing shear failures provided that care is
taken to select beams with small aspect ratios and to obtain
material with adequate bending strength. In addition, the
five-point configuration is representative of actual continu-
ous beam applications where critical shear stress conditions
exist. In our tests, experimental beam shear strength coeffi-
cients of variation averaged 14.2 percent. The coefficients of
variation are slightly higher than values observed for glued-
laminated beams (Rammer and Soltis 1994) and the same as
the shear block strength values published in ASTM D2555
for Douglas-fir.

Experimental shear block coefficients of variation ranged
from 12.7 to 18.8 percent for dry specimens and 10.4 to
23.1 percent for green specimens. The average variation was
16.1 percent for dry specimens and 17.5 percent for green
specimens. These values are slightly higher than the pub-
lished coefficient of variation of 14 percent for green mate-
rial (ASTM 1995). The slightly higher variation for green

14

specimens is likely attributable to the wider range of mois-
ture contents; only 145 of 280 blocks had >24 percent mois-
ture content. Overall, the strength variation results are con-
sistent with published values.

Dry/Green Ratio and Specific
Gravity—Shear Strength Relationship

An experimental dry/green ratio for shear blocks was com-
pared to published ASTM ratios for all Douglas-fir classifi-
cation. Only 145 matched green shear blocks with moisture
content greater than M, (24 percent moisture content) were
considered. The average dry/green ratio of the matched
specimens was 1.69 at an average dry moisture content of
10.9 percent. Using the Wilson logarithmic expression

(Eq. (10)) to adjust individual dry strength values to

12 percent moisture content resulted in a dry/green ratio of
1.61 with a coefficient of variation of 20.7 percent. This
value is greater than the published ASTM D2555 value for
coast Douglas-fir (Table 10). Confidence intervals (Cls) for
the dry/green ratio were calculated by the delta method
(Mood and others 1974), which gives Taylor series approxi-
mations of the mean and its standard error. Accordingly, an
approximate 100(1 — ) percent two-sided Cl is calculated as

CI =(Dry/Green) £ z, 5 8E py/Green @1

where z,, = 1000/2 percentile point of standard normal
variate and SE is standard error of dry/green ratio.

The delta method resulted in a dry/green estimate of 1.608,
with a standard error of 0.024. The 99-percent dry/green
ratio CI using (Eq. (21)) is (1.55,1.67), indicating that the
ratio does not vary to a great extent.

The relationship of ASTM shear block strength to moisture
content was plotted to indicate which moisture adjustment
procedure, ASTM 2915 (ASTM 1995) or Wilson’s method
(Wilson 1932), better modeled the mean of our data

(Fig. 10). Wilson’s expression was plotted using

M, = 24 percent and a dry/green ratio of 1.61. The ASTM
D2915 procedure was plotted using M; = 22 percent. Data
from shear block specimens with moisture content greater
than the fiber saturation level were plotted at 30 percent
moisture content. Clearly, Wilson’s expression gave a better
fit for the shear block data; it was used to adjust beam shear
data for moisture content where noted.

The relationship between specific gravity G and shear
strength 1 was also established for the 145 ASTM shear
block specimens with moisture content >24 percent. A linear
regression resulted in the following expression:

1=886+1,962G 2)
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Figure 10—Relationship of ASTM shear strength to
moisture content. Lines represent published
expressions to adjust shear strength values for
moisture content. (Note: shear blocks with moisture
content greater than 30 percent were plotted at 30-
percent level.)

with a coefficient of determination > = 0.40 and a standard
error estimate of 125.0. This expression is similar to that
expressed in the Western Wood Density Survey (Forest
Products Laboratory 1965, Table 5), but with a lower coeffi-
cient of determination and similar standard error estimate. In
addition, a linear regression of the 280 dry shear block
specimens at an adjusted 12-percent moisture content re-
sulted in the following relationship between specific gravity
and shear strength:

T=233+2,712G (23)

with 7= 0.49 and an error estimate of 170.4. Equations (22)
and (23) and the data are plotted in Figure 11. Equations (22)
and (23) are used to adjust beam shear for specific gravity
where noted.

Shear Strength to Beam Size
Relationship

A plot of unadjusted shear strength as a function of shear
area indicates a general increase of shear strength with
smaller area (Fig. 12). The 2 by 10 beams were somewhat
lower in strength than expected because of the high
incidence of different failure modes, resulting in an
extremely censored data set. Thus, the censoring effect
needed to be taken into consideration in data analysis.

Two statistical approaches, a commercial statistical software
package (SAS) and a maximum likelihood estimator (MLE)
procedure, were used to estimate the uncensored mean and
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Figure 11—Regression of specific gravity and ASTM
shear strength at 12 and 24 percent moisture content.

Top regression line represents results from dry
specimens, bottom line from green specimens.
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Figure 12—Relationship of beam shear strength to
shear area. Experimental values are plotted as open
circles. Estimated means and confidence limits,
calculated by censored data analysis, are plotted
as lines and solid symbols.

standard deviation of shear strength. The SAS LIFETEST
(SAS Institute Inc. 1988) procedure, which assumes a non-
parametric distribution and a power curve relationship of the
data, predicted higher average values than did the SAS
LIFEREG procedure, which assumes various parametric
distributions, but both predict estimated mean greater than



Table 11—Maximum likelihood estimates of unadjusted
shear strength results

Lower Upper R

u 95% 95% u, cov
Beam  (b/in®> SE  (bin®  (bfin® (b2 estimate
size  (MPa)) (M) (MPa)) (MPa)) (wpa)) (%)

2by4 1462 334 1398 1529 1,473 122
(10.1) (10.2)

2by10 1,103 47.8 1,014 1201 1,118 162
(7.60) (7.71)

4by8 886 20.8 846 928 895 13.8
6.11) 6.17)

4by12 750 340 686 820 765 19.9
(5.17) (5.26)

4by14 743 235 698 791 752 13.4
(5.12) (5.19)

Table 12—Likelihood ratio tests for distribution of un-
adjusted shear strength data

Accept
equality
T ¥2 hypo-
Comparison statistic ~ (1.¢,2K-2) p-value  thesis?
2by4to 31.980 9.210 <0.001 No
2by 10
2by 10to 24,775 9.210 <0.001 No
4 by 8
4by8to 16.020 9.210 <0.001 No
4 by 12
4by12to 2.061 9.210 0.357 Yes
4 by 14

average experimental values. The MLE analysis, described in
the Analysis section, also indicated the same trend assuming
a lognormal population distribution (Table 11). Since the
SAS and the MLE analyses indicated the same higher mean
estimates, hereafter the estimates of uncensored data are
based solely on the MLE analysis assuming a lognormal
distribution. The estimated mean and standard deviation for
each beam size are plotted in Figure 12 and listed in Table
11. Overall, the estimated shear strength mean values were
higher than the experimental values. The greatest difference
between the estimated mean and average experimental shear
strength occurred for the highly censored data for the 2 by 10
specimens.

Pairwise likelihood ratio (LR) tests were used to determine if
there is a significant difference in the shear strength of beams
of different sizes (Nelson 1982). The LR test statistic 7"is
defined as

T =2(log 4y +...+log Ly —log<£p) 24)

where £ is the likelihood value of individual size sets
using the estimates 0 and (I and g is the likelihood value

of the combined set, as calculated by Equation (15) using the
combined estimates. The statistic is rejected or accepted by
comparison with the chi-square distribution with 2K — 2
degrees of freedom and an assumed level of significance.

The approximate test is

if 7< %*(1 — o, 2K — 2), fail to reject the equality
hypothesis,

if 7> %*(1 — o, 2K — 2), reject the equality hypothesis,

at a level of significance a. In addition, the p-value is calcu-
lated to indicate the smallest level of o at which the data are
significantly different. Table 12 lists the pairwise compari-
sons of the experimental data with a 0.01 level of signifi-
cance (99 percent level of confidence). For Douglas-fir, there
was no statistical difference in distribution of shear strength
between the 4 by 12 and 4 by 14 beams. However, the three
smaller sizes did show significant differences. Since this LR
test simultaneously compares the 1 and o parameters, further
comparisons are necessary to determine why differences
exist.

Confidence intervals were calculated for the ratios of the
scale parameters ¢ for log strength (Nelson 1982). Based on

the scale estimates G, 95-percent Cls were calculated
(Table 13). All CIs included the value of 1, thus the neigh-
boring scale parameters did not differ significantly.

Pairwise LR tests comparing the scale estimates showed
similar results (Table 14). In addition, the previous LR tests
showed significant differences, with the exception of the 4 by
12 and 4 by 14 data. This suggests differences in the mean
log strength values, and hence the mean strength values are
the principal cause of strength variation. In fact, approxi-
mately 95-percent Cls on the mean log strength differences
of neighboring size groups, assuming a common variance
(using a linearly pooled estimate), also resulted in the same
declared difference as did the LR test for distributional dif-
ferences. In summary, the LR test revealed a change in shear
strength with beam size, with the relationship becoming
asymptotic to a constant value for larger beams.

Regression analyses were performed by regressing either
beam depth, shear area, or beam volume as a function of



Table 13—Confidence intervals on ratios of scale
parameters ¢

Does

confidence

95% confidence interval interval

Comparison Lower limit  Upper limit  include 1?
G2 by4/62 by 10 0.4692 1.2173 Yes
G20y 10 /Ganys 0.7376 1.8635 Yes
Gabys ! Gapy12 0.4528 1.0611 Yes
Gaby 12/ Gaby14 0.8807 2.3323 Yes

Table 14—Likelihood ratio tests for scale parameter ¢
of unadjusted shear strength data

Accept
equality
T x> hypo-
Comparison statistic  (99%,1)  p-value thesis?
2by4to 1.3968 6.635 0.237 Yes
2by 10
2by 10to 0.2363 6.635 0.627 Yes
4by 8
4 by 8 to 1.5040 6.635 0.220 Yes
4 by 12
4 by 12 to 1.0295 6.635 0.310 Yes
4 by 14

shear strength. Data were adjusted to a specific gravity of
0.45 and moisture content of 24 percent by the specific grav-
ity and dry/green ratio relationship developed in this report.
The adjustments for shear strength were based on local
moisture content readings from a two-pin electronic meter
and specific gravity measurements observed in the green
ASTM shear block. These local values were considered to be
more representative of the moisture content and specific
gravity at the location of the shear failure than the cross-
sectional averages. The regression was performed on the five
estimated mean values. Both the coefficient of determination
(%) (Eq. (25)) and the root mean square residual or error
(RMSE) (Eq. (26)) were calculated for several linear and
nonlinear expressions to identify which parameter—depth,
shear area, or volume—results in the best estimator of shear
strength:

o2

Z(y_)_/)z (25)
A2
RMSE = Z(«Vn_y) 26)

where

Table 15—Regressions for relating adjusted
green shear strength to beam size®

Independent
Equationb variable r2 RMSE
y=a+bx Depth 0.70 123.0
Shear area 0.94 51.7
Volume 0.81 98.6
y =a + bx + cx2 Depth 0.79 122.7
Shear area 0.99 253
Volume 0.98 31.0
y =a + bin(x) Depth 0.68 125.7
Shear area 0.96 46.1
Volume 0.89 73.6
y = aebx Depth 0.70 123.2
Shear area 0.97 40.0
Volume 0.85 86.3
y= axb Depth 0.66 129.7
Shear area 0.93 59.7
Volume 0.85 86.1

a,2 js coefficient of determination: RMSE is
root mean square error.

®Note: y represents shear strength and x
represents independent variable.

y is observed value,
¥ value predicted using fitted parameters, and
y arithmetic mean of sample (Kvalseth 1985).

The regression results are given in Table 15. Beam depth d
was taken as average depth of the beams for a given size.
Shear area was taken as average width b of the beam multi-
plied by total length under a maximum shear force action,
both positive and negative shear. Beam volume was defined
as average width multiplied by average depth multiplied by
length of span.

In general, regression analyses indicated higher coefficients
of determination using shear area when characterizing the
variation of shear strength. Shear strength side effects were
modeled well by all the curve equations, which might be
attributed to fitting only the estimated mean values rather
than all the experimental data.

Previously, Rammer and Soltis (1994) plotted shear area
against shear strength for glue-laminated Douglas-fir beam
specimens; to relate to the previous study, the following
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Figure 13—Regression of estimated mean beam shear
strength (adjusted to 24 percent moisture content and
0.45 specific gravity) and shear area. Bounds represent
95 percent confidence limits on estimated mean.

discussion focuses on the shear area parameter (Fig. 13).
Shear strength decreased with an increase in shear area; the
change decreased quickly for small shear areas and asymp-
totically for larger shear areas. The asymptote resulted in
small changes in shear strength for larger beams as was noted
in the statistical analysis of the two largest sizes of Douglas-
fir beams.

A power curve was regressed independently through the five
estimated mean Douglas-fir shear strength values adjusted by
the factors developed within this report. The regression
equation for Douglas-fir beams is

3,070
B 4025

@n

where

1 is beam shear strength (Ib/in®) and
4 shear area.

The computed coefficient of determination »* = 0.93 and
RMSE = 59.7. Comparing the parameter values with data
from previous work on shear of Douglas-fir glued-laminated
beams (Rammer and Soltis 1994), the numerator is lower in
the work reported here because the results were based on a
green condition. However, the exponent, which defines the
shape of the curve, on the shear area term is similar. This
indicates that the effects of size are similar in glued-
laminated and solid-sawn materials.

Table 16—Regressions for relating adjusted
green shear strength to shear area, including
ASTM shear block

Equation @ r2 RMSE
y=a+bx 0.76 204
y = a+ bx + cx? 0.89 139
y =a + bin(x) 0.98 52.4
y = ae 0.81 202
y = axP 0.98 58.5

8y represents shear strength;
X represents shear area.

Shear Block to Beam Shear
Relationship

The effect of stress concentration at the re-entrant corner was
discussed by Rammer and Soltis (1994). In summary, the
ASTM-assumed shear strength (t,4;,,) is less than the true
failure stress (t,) by a factor of about 2.0 (Radcliffe and
Suddarth 1955). Finite element analysis indicates a factor
greater than 2.0, but this analysis did not model effects
(crushing and splitting) that might alleviate the stress con-
centration effect (Cramer and others 1984). Rammer and
Soltis (1994) concluded that an estimated stress concentra-
tion factor of 2 is appropriate for the ASTM shear block.

When data from beam shear tests were combined with the
data from shear block tests, ASTM shear block strength data
were adjusted to true maximum stress at failure by

T il = CrTAST™ (28)

where

Cy is stress concentration factor to adjust ASTM
shear block to true stress distribution, assumed
to be 2.0, and

TASTM ASTM D143 published shear block values.

The adjusted ASTM shear stress Ty, is assumed to occur
over a 4-in” (64.5-cm®) failure plane.

A regression analysis of shear area against adjusted green
shear strength was conducted, including both the estimated
mean beam data and the adjusted mean ASTM shear strength
value at the 4-in (64.5-cm?) shear area (Table 16). The
results indicated that the logarithmic and power curve equa-
tions modeled shear strength against shear area variation
better than did the other models. The forms of these equa-
tions are consistent with the prior findings of Longworth
(1977) and Rammer and Soltis (1994) on shear strength.
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Figure 14—Regression of estimated mean green beam
shear strength, including shear block results (adjusted
to 24 percent moisture content and 0.45 specific gravity)
and shear area. Bounds represent 95 percent confidence
limits on estimated mean.

The tg,; value was plotted with the beam shear data (Fig. 14).
A power curve regression, consistent with the finding of the
previous beam shear regression analysis, was performed on
the combined data set adjusted for specific gravity and
moisture content. For Douglas-fir data, the regression equa-
tion is

2,750

4 0.23

29)

with a regression coefficient of r* = 0.98 and RMSE = 58.5.
The shape of the curve, as expressed by the exponent, is
similar to the values listed for Douglas-fir and Southern Pine
glued-laminated beams (Rammer and Soltis 1994) and may
be approximated as 1/5. The constant in Equation (29) repre-
sents shear strength corresponding to a shear area of 1in®

(16 cm?). As noted earlier, the shear area of the ASTM block
is 4 in” (64.5 cm?). Thus, these equations can be rewritten in
terms of the ASTM shear block strength rather than the shear
strength corresponding to 1-in” shear area by including an
adjustment factor of 4"*/1'° = 1.3. Dividing the numerator
by 2.6 (1.3 x 2) results in a value that falls within the ob-
served ASTM shear block strengths. Thus, the following
equation is recommended:

_ 13 Ct TastMm
T= —Al/S (30)

This recommended equation relates beam shear strength to
ASTM block shear strength, and it depends on the shear
block stress concentration factor and the beam shear area.
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Figure 15—Recommended equation using ASTM D2555
(Table 3) Douglas-fir shear strength value. Bounds
represent 95 percent confidence limits on estimated
mean of experimental data adjusted to 24 percent
moisture content and 0.45 specific gravity.

Equation (30) is plotted for the Douglas-fir data in
Figure 15. As the figure shows, this equation is a good ap-
proximation of the data from green specimens.

Comparison of Solid-Sawn and
Glued-Laminated Beam Shear

Results from tests of solid-sawn beams were adjusted to

12 percent moisture content and 0.45 specific gravity to
compare them with prior results from tests on glued-
laminated beams. Experimental data were adjusted for spe-
cific gravity using the expressions developed in this report
and those developed through the Western Wood Density
Survey (Forest Products Laboratory 1965) for coast and
interior west Douglas-fir (Table 5). Adjustments to 12 per-
cent moisture content were made using the logarithmic
moisture relationship developed by Wilson (1932) using
three dry/green ratios. In addition to S;,/S, = 1.61, the pub-
lished ASTM D2555 values for coast and interior west
Douglas-fir, 1.25 and 1.38 (Table 10), were used. Finally, an
MLE analysis was performed on the adjusted data to estimate
the mean and standard deviation of the uncensored popula-
tion. Figure 16 shows the estimated solid-sawn mean and
glue-laminated mean Douglas-fir data from Rammer and
Soltis (1994) along with the 95-percent confidence limits of
the mean estimates. The proposed Equation (30) was plotted
using the ASTM D2555 value adjusted to 12 percent mois-
ture content (1,130 Ib/in® (7.8 MPa)) for the glue-laminated
data and the experimental value of 1,462 Ib/in® (10.1 MPa) at
12 percent moisture content for the solid-sawn data.
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Figure 16—Comparison of shear moisture adjustments,
previous glued-laminated shear strength results
(Rammer and Soltis 1994), and proposed equations.
Note: bottom curve was generated using ASTM shear
block value of 1,130 Ib/in“ (7.8 MPa) and top curve using
dry (adjusted to 12 percent moisture content) experi-
mental shear block value of 1,462 Ib/in® (10.1 MPa).

The figure shows similar trends in shear strength, but values
for the solid-sawn material are greater than those for the
glued-laminated beams for a dry/green ratio of 1.61. These
higher values could indicate that the moisture adjustments
based on shear blocks might not transfer to beam shear
strength.

Shear to Bending Strength
Relationship

While investigating the shear and compression properties of
2400f MSR lumber, Green and others (1994) investigated the
relationship between shear strength and modulus of rupture.
They plotted and regressed ASTM shear block strength
against modulus of rupture and found a positive trend with a
low coefficient of determination.

Similarly, Figure 17 shows some results of a regression
analysis to determine whether a correlation exists between
shear and bending strength of Douglas-fir beams. Several
curves were regressed through various combinations of the
shear and bending strength data to uncover any relationship.
All bending and shear strength data, regardless of failure
mode, were used to determine if any relationship existed. All
strength data, except for the 2 by 4 specimens, were based on
specimens matched by stress wave elastic modulus; data for
the 2 by 4 specimens were end-matched. All data were ad-
justed to 24 percent moisture content and 0.45 specific grav-
ity with Eq. (11) using ASTM dry/green ratios and Western
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Figure 17—Modulus of rupture and shear strength of
Douglas-fir at 24 percent moisture content and specific
gravity of 0.45 (adjustments made assuming coast
Douglas-fir relationships).

Wood Density Survey (Forest Products Laboratory 1965)
specific gravity relationships for modulus of rupture and
shear strength. Modulus of rupture values were adjusted
using the cross-sectional specific gravity and moisture con-
tent, whereas the beam shear strength values were adjusted
using the local moisture content and specific gravity, as
described earlier. The coefficient of determination (**) and
RMSE values, as determined by Equations (23) and (24), of
the regression analysis for all curves and combined sets are
listed in Table 17. Overall, the 7* values indicate a low cor-
relation between beam shear strength and modulus of
rupture.

Conclusions

In summary, 280 single-span third-point bending and five-
point two-span beam shear tests were conducted on green
solid-sawn Douglas-fir beams. Based on these experiments, a
data set of both beam shear and ASTM block shear strength
for unchecked, green Douglas-fir beams for a range of beam
sizes from 2-by-4 to 4-by-14 cross-sections was developed.
Our conclusions are as follow:

1. The five-point bending test procedure is recommended as
a standard to measure beam shear. Consistent shear fail-
ures in an unchecked beam occurred between the loading
point and middle support of the beam. The shear crack did
not propagate to the end of the beam.



Table 17—Regressions relating shear strength to modulus of rupture®

Coast DF North DF West DF
Regressed equation r° RMSE® r° RMSE r RMSE
MOR = a + b(7) 0.31 1,333 0.27 1,357 0.28 1,352
MOR = a + b(1) + c(1?) 0.36 1,279 0.32 1,315 0.34 1,303
MOR = b(x) + c(?) 0.28 1,359 025 1,379 0.26 1,376
MOR = a(-[b) 0.26 1,376 0.23 1,397 0.24 1,393
MOR = aeb® 0.30 1,341 0.26 1,368 0.27 1,361
MOR = a + bin(7) 0.27 1,368 0.24 1,386 0.25 1,384

°DF is Douglas-fir.

2. Shear strength of green solid-sawn Douglas-fir beams
varies with beam size. Larger beams have lower shear
strength. Shear strength variation for various sizes of
beams can be modeled with the following approximate
equation, which is based on a relationship between beam
shear and ASTM shear block strength, including a stress
concentration factor for the re-entrant corner of the shear
block:

13 CiTpsu
Al/S

This model is similar to that found previously for glued-
laminated Douglas-fir and Southern Pine (Rammer and
Soltis 1994).

3. Shear area parameter is preferred to beam volume or
depth for modeling variation in shear strength based on a
regression analysis.

4. The moisture adjustment based on dry/green shear block
data may not be appropriate for beam shear. Further re-
search is required.

5. There is little correlation between shear strength and
modulus of rupture in matched solid-sawn beams.
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Appendix A—Details of Experimental Deflection Procedures

This appendix contains information about the measurement of modulus of elasticity during bending tests conducted
on beams larger than 2 by 4 beams. Figure A1 illustrates the testing configuration and parameters, and Table A1 gives
specific information about the parameter for each test.
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Figure A1-Bending test configuration with middle ordinate deflectometer.

Table A1—Parameters of deflection measurement for each size of beams?

Beam Spanlength  Shear span  Measurement Plate size ¢ LVDT throw”

size L (in.) a (in.) span s (in.) (in.) (in.)
2by 10 1383, 467, 36 3 0.2
4by 8 112 373 30 2 0.2
4 by 12 17614 597/, 48 3 1.0
4by14 206", 683, 60 4 1.0

%1 in. = 25.4 mm.
PMaximum recordable deflection for LVDT.



Appendix B—Five-Point Shear Results for Solid-Sawn Douglas-fir

Appendix B contains tables with experimental results from the five-point shear tests. Results include dimensions,
mechanical properties (stiffness and strength), and a description of the type of failure for green Douglas-fir lumber.
Note that the modulus of elasticity (MOE) values were determined by a stress wave technique at the time of material
delivery and are not at the same moisture content published in the tables. Electric moisture meter readings were taken
near the failure crack, and section values are cross-section averages by ASTM procedure.

Table B1—Shear test results for 4 by 14 beams?

Moisture content
Time to  Failure
Beam Depth Width Length Weight Meter Sect. Specific MOE failure load Shear Failure
no. (in) (n)  (in) (Ib) (%) (%)  gravity (x10°Ib/in®) (min:s) (Ib) (Ibfin®)  type®

301 1366 3.75 168.8 162 24.0 23.1 0.41 1.68 19:33 57,600 580  Shear
302 13.78 3.78 168.3 181 215 241 0.45 1.44 8:39 73,400 726  Shear
304 1391 3.97 1694 189 245 258 0.47 1.48 10:24 70,600 660  Shear
312 1394 3.88 1700 207 255 26.8 0.40 1.31 20:01 77,200 737  Shear
315 13.78 3.75 168.6 191 235 26.3 0.41 1.10 8:11 76,600 764  Shear
317 13.75 3.75 169.3 193 225 26.4 0.47 1.21 15:26 89,000 890  Shear
320 1384 3.75 1695 181 240 246 0.45 1.85 21:00 80,000 795 Comp.
322 1369 3.66 169.0 176 23.5 26.6 0.42 1.60 19:45 66,600 686  Shear
328 1353 3.75 1693 169 270 26.7 0.43 1.56 12:10 67,500 686  Shear
329 1366 3.81 169.5 160 24.0 26.3 0.37 1.23 18:42 69,200 685  Shear
331 1378 3.75 169.0 172 235 251 0.39 0.96 7:32 91,200 910  Shear
336 1381 3.81 169.3 196 28.0 28.6 0.45 1.30 156:45 68,200 668  Shear
339 1384 3.78 1689 196 255 296 0.43 2.18 8:50 64,000 630  Shear
342 13.78 3.59 169.4 179 24.0 247 0.45 1.28 15:45 71,000 739  Shear
349 1378 3.81 169.0 179 26.0 26.7 0.44 1.40 14:47 73,800 724  Shear
350 13.72 3.72 168.9 173 21.0 25.7 0.42 1.34 9:05 86,600 875  Shear
352 1388 3.75 169.4 188 227 31.6 0.40 1.01 13:40 75,600 749 MOR

353 13.75 3.78 169.6 184 20.0 21.8 0.44 1.54 6:25 64,300 638  Shear
354 1366 3.75 169.6 194 250 253 0.50 1.64 12:40 73,700 742  Shear
360 1366 3.78 169.4 159 20.0 22.8 0.34 1.156 16:31 90,800 907 MOR

21 in. =25.4 mm; 1 Ib = 0.454 kg; 1 Ib/in” = 6.894 kPa.

bComp. is compression; MOR, modulus of rupture.
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Table B2—Shear test results for 4 by 12 beams

Moisture content

Timeto  Failure
Beam Depth Width Length Weight Meter Sect. Specific MOE failure load Shear Failure
no. (in) (n)  (in) (Ib) (%) (%)  gravity (x10°Ib/in®)  (min:s) (Ib) (Ib/in®)  type®
161 11.88 3.84 1444 116 21 20.5 0.39 1.13 7:30 53,400 603  Shear
162 11.88 3.84 1449 126 23 21.5 0.44 1.27 14:24 50,900 575 Shear
166 11.75 3.84 1449 152 24 21.4 0.47 1.31 17:45 85,000 970 MOR
170 1194 394 1444 1195 18 21.8 0.38 1.00 14:31 68,500 751  Shear
175 11.66 3.69 1450 143 245 28.2 0.50 1.61 12:19 63,400 761  Shear
177 11.81 3.88 145.0 149 22 19.6 0.46 1.51 7:.07 66,000 743  Shear
179 11.94 394 1445 145 26 28.7 0.39 1.17 13:33 67,200 737  Shear
181 1184 375 1445 137 27 28.4 0.45 1.63 17:35 69,200 803  Shear
184 1191 375 1444 133 255 246 0.49 1.46 16:10 59,900 692  Shear
188 1191 394 1445 153 25 255 0.54 1.84 19:06 66,500 731  Shear
191 1181 3.84 1445 201 30 93.4 0.53 2.24 17:52 63,200 718  Shear
192 1172 388 1450 171 29 439 0.49 1.22 11:32 57,000 647  Shear
203 11.72 388 1444 126 245 216 0.38 1.34 12:16 70,400 799  Shear
207 1194 378 1446 134 275 23.7 0.41 1.41 25:00 82,400 941 MOR
210 1210 3.75 1445 157 26.5 31.1 0.46 1.82 22:23 57,500 654  Shear
211 1179 3.88 1446 122 255 241 0.40 1.37 6:10 45,200 510 Shear
213 1188 3.84 1445 137 235 20.1 0.53 1.69 20:40 78,600 888  Shear
216 1200 400 1445 146 24 20.8 0.49 1.41 13:40 62,400 670 MOR
217 1181 384 1445 139 22 21.3 0.50 1.91 18:45 96,000 1,090 Shear
219 1188 378 1444 134 22.5 215 0.47 1.59 13:34¢ 57,800 664 Shear
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Table B3—Shear test results for 4 by 8 beams

Moisture content

Time to Failure
Beam Depth Width Length Weight Meter Sect. Specific MOE failure load Shear Failure
no. (in) (in)  (in) (Ib) (%) (%) gravity (x10°Ib/in®) (min:s) (Ib) (Ibfin®)  type®
3 794 391 965 74 23 214 057 2.37 10:57 68,000 1,131 Shear
5 800 388 965 625 225 242 048 1.25 1215 57,600 958 MOR
7 800 3838 96.1 565 235 271  0.39 1.55 1356 51,500 857  Shear
10 7.84 375 963 69 285 335 0.55 1.60 10:56 57,000 999  Shear
15 797 384 964 54 24 274 041 1.26 15:36 48,200 811  Shear
20 778 419 964 61 215 223 043 1.29 9:39 49,400 782  Shear
25 788 394 965 61 26 271 042 1.05 13:04 51,800 861  Shear
27 794 388 966 67 25 334 047 1.47 15:34 56,600 949  Shear
28 791 3838 96.1 56 245 289 040 1.39 13:44 46,500 783  Shear
33 794 383 963 64 25 278 050 1.60 18:09 63600 1,066 MOR
36 800 381 965 49 24 262 035 1.14 14:21 42,100 712 Shear
37 797 384 966 60 255 372 042 1.22 18:45 40,800 687 MOR
38 794 397 966 70 25 209 048 1.80 11:16 58,200 953  Shear
39 794 400 965 71 26 331 052 1.82 15:00 59,800 971  Shear
40 794 381 964 53 26 307 036 1.32 13:.05 42,400 722 MOR
42 788 391 965 59 26 275 043 1.55 14:39 55,000 922  Shear
43 788 388 965 60 25 280 044 1.49 10:40 50,200 848  Shear
47 803 388 965 71 26 412 048 1.65 11:06 53,400 885 MOR
48 788 397 965 62 275 332 043 0.94 12:.00 44,600 736 MOR
50 800 378 965 56 26 334 037 1.02 15:28 44,600 760  Shear
53 806 388 965 57 27 329 043 1.16 15:52 47,100 777  Shear
54 797 394 965 64 255 415 043 1.30 13:24 43,800 720 MOR
61 781 384 966 70 26 302 050 1.93 13:43 58,200 999  Shear
67 800 384 965 59 25 278 041 1.23 13:16 51,100 857 MOR
70 781 397 696 70 25 279 049 2.10 10:02 51,600 858  Shear
76 797 388 965 54 195 257 043 0.76 15:52 47,100 786  Shear
77 803 400 966 65 27 327 046 1.35 9:36 57,400 921 MOR
80 800 394 965 58 25 283 040 1.21 12:53 41,000 671  Shear
81 788 397 966 70 235 283 057 217 10:29 56,400 930 Shear
87 7.88 383 966 64 26 36.3 042 1.45 10:16 45,700 772  Shear
89 800 384 965 61 24 278 043 1.10 8:38 44,000 738  Shear
91 806 383 966 57 225 243 041 1.51 11:04 49,600 819  Shear
92 800 384 966 70 255 299 051 2.31 1216 58,200 976  Shear
94 797 38 965 75 255 296  0.51 1.74 11:30 66,200 1,105 Shear
100 806 384 966 58 245 228 043 1.52 1217 55,400 922  Shear
102 819 384 965 625 245 294 042 1.34 15112 59,300 972  Shear
106 794 388 965 53 24 265 039 1.41 12:30 50,600 848  Shear
107 784 388 965 52 22 224 039 1.68 13:27 51,100 867  Shear
113 794 378 965 53 205 236 040 1.36 8:30 40,800 701  Shear
118 834 381 965 56 205 239 042 1.17 11:02 43,500 705 MOR
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Table B4—Shear test results for 2 by 10 beams

Moisture content
Timeto Failure

Beam Depth Width Length Weight Meter Sect. Specific MOE failure load Shear Failure
no. (in) (in)  (in) (Ib) (%) (%) gravity (x10°Ib/in®) (min:s) (Ib) (Ibfin®)  type®
562 9.03 1.33 14463 33 17 156  0.47 1.59 1026 22,803 981 MOR
564 914 134 14450 31 16 16.9  0.42 0.95 6:45 22,241 938 MOR
568 927 142 14425 38 21 213 045 1.60 5:48 32,153 1,258 Shear
572 928 1.42 14450 39.5 20 206  0.49 2.22 13:47 27,490 1,076 Shear
576 912 132 14450 38 23 19.7  0.51 1.97 — 26,221 1,119 Comp.
581 927 1.43 14425 36 22 19.3  0.44 1.25 5:09 30,688 1,197 Shear
585 926 144 14450 37 30 343  0.41 1.45 6:44 21,362 829 MOR
580 9.36 1.46 144.25 45 30 251 047 1.43 10:30 24,090 910 MOR
5901 926 132 14425 34 24 335 038 1.30 — 21,826 919  Shear
594 930 1.35 14625 43 30 359 046 1.22 8:20 22,363 922 MOR
505 929 134 14438 335 22 272  0.41 0.90 448 24218 1,002 Shear
596 9.35 1.44 14500 38 27 31.7  0.41 1.14 7:36 25,439 975 MOR
600 9.36 143 14500 41 26 244 050 1.23 6:20 20,093 776  Shear
602 936 1.50 14463 42 24 326 043 1.26 4:35 23,193 850 MOR
604 933 139 14444 39 25 267 048 1.70 456 19,824 791  Shear
609 935 144 14450 38 22 224 042 1.39 — 19,580 749  Comp.
610 940 141 14438 37 30 486 038 1.15 8:15 21,826 850 MOR
614 939 144 14625 415 27 376 043 1.72 7:58 24,561 937  Shear
623 929 135 14450 335 25 281 038 1.04 10:.06 18,335 757 MOR
624 937 1.39 14444 35 30 319 0.36 0.96 809 17,114 1,039 MOR
625 929 141 14450 325 25 213 038 1.21 7:15 15,259 924  Shear
626 9.42 147 14413 42 26 292 047 1.66 13:37 29,101 1,081 Shear
627 940 144 14450 385 30 323 044 1.19 12:00 23,779 905 MOR
631 938 146 14425 385 26 263 042 1.41 7:08 27589 1,038 MOR
634 943 148 14425 375 27 50.0 0.39 1.13 435 14,429 535 MOR
635 940 146 14413 35 25 339 0.39 1.37 13:.03 19,409 731 Comp.
644 940 145 14413 31 24 256  0.32 0.84 8:45 20,435 775 MOR
645 932 1.38 144.13 31 24 273 036 1.05 5:33 19,214 773 MOR
646 9.36 145 14413 335 23 221 037 1.12 10:3 22,144 841 MOR
648 942 148 14413 39 27 359 040 1.36 10:4 26,397 976 MOR
649 942 143 14413 39 24 250 0.44 1.75 1715 24,097 924 Comp.
650 9.37 146 14400 385 23 207 044 1.77 8:30 24,512 927 MOR
651 941 148 14413 39 28 356 042 1.54 10:04 23,999 890 MOR
652 922 1.33 14400 31 24 281 0.36 1.01 5115 24,780 1,044 MOR
658 940 141 14413 325 20 204 036 1.27 9.00 25317 984  Shear
664 933 1.33 144.13 31 25 248  0.39 1.33 8:23 19,482 813 MOR
668 9.30 143 14413 31 19 207 039 0.99 5:35 19,629 761  MOR
678 935 144 14413 34 23 234 041 1.50 8:15 24,292 928 MOR
679 920 142 14413 32 16 170 0.38 1.38 10:34 32568 1282 MOR

680 926 148 14400 345 21 188 040 1.16 459 22363 841 MOR




Table B5—Shear test results for 2 by 4 beams

Moisture content

Timeto Failure

Beam Depth Width Length Weight Meter Sect. Specific MOE failure load Shear Failure
no. (in) (in) (in) (Ib) (%) (%) gravity (x10°Ib/in®) (min:s) (Ib) (Ib/in®)  type®
363 343 143 513 5.2 20 211 0.47 2.06 9:58 12,305 1,293 Shear
376 344 146 51.3 4.6 22 23.8 0.40 1.15 5:37 13,110 1,347 Shear
377 342 142 513 5.0 20 252 0.46 1.80 13:59 12,744 1,352 Shear
381 341 144 51.3 4.7 20 20.3 0.41 1.74 10:47 13,452 1,409 Shear
386 345 143 513 5.0 22 23.8 0.45 1.78 12:03 13,648 1,429 Shear
387 343 144 51.3 5.1 24 25.8 0.44 1.08 6:23 12,354 1,285 Shear
388 339 143 513 5.1 18 19.9 0.45 1.66 17:08 14,233 1,511 Shear
395 341 144 513 5.4 24 242 0.46 2.16 9:51 12,964 1,365 Shear
396 342 145 51.3 43 18 221 0.40 1.27 7:17 11,060 1,151 MOR
398 344 146 513 4.9 25 30.6 0.39 1.50 10:20 11,987 1,232 MOR
399 341 144 513 4.0 20 22.4 0.37 1.61 11:31 10,830 1,141 Shear
402 341 144 513 4.5 22 232 0.40 1.47 16:22 11,841 1,242 Shear
404 340 142 513 6.4 19 22.4 0.58 2.94 7:15 17,090 1,818 Shear
405 345 143 513 4.7 22 25.3 0.40 1.33 9:24 11,377 1,188 MOR
408 343 144 513 5.1 23 231 0.45 1.72 13:03 13,572 1,412 Shear
410 345 144 513 46 22 25.3 0.40 1.69 11:39 10,693 1,110 MOR
411 346 144 513 4.9 24 27.9 0.41 1.59 8:37 10,645 1,105 Shear
413 344 144 513 5.9 23 249 0.49 2.41 3:41 14,331 1,491 Shear
415 346 144 513 4.8 21 236 0.33 1.25 10:09 9,863 1,022 MOR
417 346 146 513 6.3 23 27.7 0.53 212 7:27 15,576 1,585 Shear
423 343 148 51.3 42 20 235 0.39 1.36 8:55 10,278 1,046 MOR
424 342 144 513 5.0 21 241 0.42 1.62 13:26 13,574 1,424 Comp.
429 343 142 513 5.2 19 23.2 0.46 2.11 7:04 14,551 1,635 Shear
433 345 143 513 5.4 22 21.7 0.47 2.02 9:22 13,477 1,406 Shear
435 345 143 513 4.4 24 257 0.38 1.11 11:21 12,378 1,293 MOR
438 344 144 513 49 24 359 0.39 1.17 11:04 12,451 1,296 MOR
443 344 145 513 47 21 236 0.40 1.43 11:06 12,476 1,290 Comp.
447 345 144 51.3 5.0 20 227 0.44 1.45 9:28 15,503 1,603 Shear
450 340 141 513 4.8 12 14.9 0.47 1.91 10:17 14,697 1,579 Comp.
451 344 144 513 5.4 22 22.3 0.47 1.77 8:57 13,818 1,438 Shear
453 339 144 513 4.5 19.5 19.4 0.44 1.42 13:11 13,989 1,478 Comp.
456 342 147 513 46 20 241 0.40 1.51 9:23 12,036 1,234 Shear
467 345 145 513 5.2 20 22.2 0.46 1.85 9:38 14,331 1,481 Shear
468 340 142 513 5.2 17 18.7 0.48 1.94 15:31 15,161 1,616 Shear
470 343 143 513 4.5 20 22.2 0.40 1.46 12:32 11,865 1,247 MOR
471 342 143 513 5.3 19 209 0.50 2.28 12:15 15,234 1,607 MOR
472 338 142 513 5.5 17 17.9 0.51 2.31 14:27 16,260 1,749 Shear
473 341 143 513 45 21 229 0.40 1.56 14:08 11,914 1,265 MOR
474 344 144 513 5.4 185 221 0.46 1.64 12:56 13,501 1,400 Shear
475 343 143 513 4.4 19 20.4 0.39 1.19 10:05 13,013 1,373 MOR
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