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ABSTRACT

This study combined mechanical testing of full-size bolted connections, determination of microme-
chanical properties of individual growth rings within the full-size specimens, and video microscopy for
anatomical and mechanical measurements. Hard maple (Acer spp.) and northern red oak (Quercus rubra)
specimens representative of single-bolted connections were tested to failure in bearing stress and analyzed
using video microscopy methods. Maximum crushing strength of individual growth rings was obtained
from specimens that were 1 mm X 1 mm in cross section and 4 mm along the grain. Anatomical
measurements of cell-wall thickness, percent vessels in a given area, and ray width were obtained for
each species and correlated to failure mode. It was concluded that maple had a consistent failure mode,
while oak had a variable failure mode. The difference in failure modes is attributed to the different
anatomical structures of the two species, mainly, ray and vessel size. Bearing stress was not statistically

significantly influenced by the different anatomical features; however, stiffness in compression was.

Keywords:
CO MICroscopy.

INTRODUCTION AND BACKGROUND

The mechanical behavior of bolted wood
connections under load is very complex and
is influenced by many variables. Our knowl-
edge of this behavior is based largely on mac-
roscopic observations. The behavior of a sin-
gle-bolted connection loaded parallel to the
grain is relatively well known; however, most
published research has focused on Douglas-fir
or spruce and the results are extrapolated to
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other species through analytical or empirical
models. Relatively few experiments have in-
cluded hardwood species (Trayer 1932; Lheu-
de 1987; Hilson et al. 1987) and no published
studies are found that investigated the influ-
ence of wood anatomy on the failure modes
or bearing stress of bolted connections for ei-
ther hardwoods or softwoods. However, the
relationship of anatomy to compression fail-
ures parallel to the grain has been studied ex-
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tensively (Kucera and Bariska 1982; C6té and
Hanna 1983; Bariska and Kucera 1985; Choi
et al. 1996, among others).

Several experimental techniques have been
utilized to study the stresses and strains in the
neighborhood of a loaded bolt hole. Strain
gages and moire interferometry have been the
traditional techniques (Wilkinson and Row-
lands 1981; Rowlands et al. 1982; Rahman et
al. 1991). Humphrey and Ostman (1989 a, b)
have developed techniques to model wood de-
formation around bolts and to study bending
and overall displacement of bolts within con-
nections. In their studies, a steel pin is passed
through thin wood wafers and the associated
wood deformation is photographed. They also
utilized X-ray scans to quantify the bending
and overall displacement of a single bolt with-
in a joint. When the X-ray technique was com-
bined with the wafer study, performance of
both the wood and the bolt could be evaluated.
The techniques of Humphrey and Ostman
(1989 a, b) were used by Fantozzi and Hum-
phrey (1995) to study multiple bolt connection
behavior. Their results indicate that these
methods could be helpful in designing new
joint configurations and determining the influ-
ence of certain wood variables; however, the
technique has not been applied to full-size
connections. Single-beam reflection hologra-
phy was used by Kermani and McKenzie
(1994) to study the effects of grain angle on
behavior of single-bolted connections in com-
pression. Results for in-plane and out-of-plane
displacements showed that strain distributions
around the bolts were highly dependent on the
grain orientations. Stelmokas et al. (1997)
have used computer vision and image pro-
cessing to determine displacement beneath
bolts in multiple-bolted wood connections.
This study used double-shear connections con-
structed of yellow-poplar. Five different bolt
patterns were used to analyze the influence of
number of bolts in a vertical row and in a hor-
izontal column. It was discovered that for mul-
ti-bolt patterns in a vertical row, parallel to
load displacements below the outer bolts were
higher than those beneath the center bolt(s) but
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not equal in magnitude as previously assumed.
Salinekovich et al. (1996) used specially in-
strumented bolts to determine the influence of
manufacturing imperfections on load sharing
and assess the present design procedures for
multi-bolted connections.

Prior to 1983, design for the strength of a
single-bolted connection was based mainly on
research conducted by Trayer (1932). Trayer’s
work consisted of a few joint geometries, and
then the results were extended to a wide range
of geometries and species. Later, European re-
searchers developed an analytical joint
strength model known as the Yield Theory,
which was based on original work by Johan-
sen (1949). The yield theory uses connection
geometry and material properties to evaluate
the strength of two- or three-member dowel-
type connections. McLain and Thangjitham
(1983) applied this theory to parallel-to-grain
loading of bolted wood joints and found good
agreement between predicted and experimen-
tal failure loads. Soltis et al. (1986) found that
the yield theory predicted joint strength rea-
sonably well for both parallel- and perpendic-
ular-to-grain loading because it incorporated
wood and bolt properties leading to a rational
design approach. The 1991 National Design
Specification for Wood Construction (AFPA
1991) incorporated yield theory in design of
connections for laterally loaded dowel-type
fasteners and it has been adopted by European
communities for the EUROCODE Design
System (Larsen 1992). However, present de-
sign specifications for bolted joints do not in-
clude influences of wood quality and anatom-
ical features in the vicinity of connections on
overall joint performance.

OBJECTIVES

Because of a lack of information on influ-
ences of anatomical features on failure modes
and bearing stress of bolted timber connec-
tions, the limited number of species used in
the studies, and the need for wood properties
in the design codes for wood connections in
the yield theory, the objective of this study
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was to determine the influence of different
hardwood anatomical features on the perfor-
mance of bolted joints in hard maple (Acer
spp.) and northern red oak (Quercus rubra).
Specifically studied were: 1.) the failure mode,
2.) the bearing stress and joint stiffness in
compression, and 3.) the micromechanical
properties of individual growth rings.

Because the focus of this study was to ex-
amine the relationships between wood anato-
my and mechanical behavior, it was desirable
to minimize the effects of specific gravity. Red
oak and hard maple were chosen because they
have approximately the same specific gravity
but yet have very different anatomical struc-
tures, and they will provide information on
hardwoods that is currently lacking. As seen
in Fig. 1a, red oak, which is a ring-porous spe-
cies, has large conspicuous rays, and is highly
variable in structure; maple, however, is dif-
fuse-porous, has smaller rays, and is quite uni-
form in structure (Fig. 1b).

METHODS AND MATERIALS
Full-size bolt connections

Rough, flatsawn, ¥, red oak and hard maple
boards were obtained from a local lumber sup-
plier. The boards were chosen so that straight-
grained specimens could be machined. Eigh-
teen specimens (9 maple and 9 oak) were ma-
chined to the approximate final dimensions of
46 mm (1-'%, in.) in thickness (radial direc-
tion), 102 mm (4 in.), in width (tangential di-
rection), and 152 mm (6 in.) in length parallel
to the grain. A 13.5-mm ('%,-in.) hole was
drilled in the center of the wide face of each
specimen (T-L face). The bolt was 12.7 mm
(% in.) in diameter. The specimen configura-
tion is illustrated in Fig. 2. Moisture content
(MCQC) and specific gravity (SG) were deter-
mined according to ASTM Standard D-2016-
83 (ASTM 1986a) and ASTM Standard D-
2395-83 (ASTM 1986b), respectively.

A two- or three-member connection is com-
monly used to analyze bolted connections in
wood. However, this study was primarily con-
cerned with examining failure mode and bear-
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ing stress of the center member in a three-
member connection. To accomplish this, a spe-
cial testing apparatus was constructed that is
similar to a dowel-bearing strength test as rec-
ommended by ASTM D 1761 testing specifi-
cations (ASTM 1993). Figure 2 illustrates a
diagram of the test fixture used for applying
bearing loads. Specimens were loaded to fail-
ure at a constant crosshead rate of 1 mm/min
(0.04 in./min). All specimens were tested at an
average moisture content of 8-10%. Average
specific gravity at test for the maple specimens
was 0.63 and it was 0.57 for red oak. Average
area of earlywood for the red oak specimens
was 0.017 m? and 0.045 m? for the latewood
portion. Failure was defined to be the first ma-
jor drop in load. Load-displacement curves
and maximum load data were obtained for
each specimen.

Microscopic examination

After testing was complete, the failed spec-
imens were visually examined to determine
the failure mode with a stereo optical micro-
scope. Then, for computer image analysis and
quantification of the anatomy, small 13-mm X
13-mm (¥2-in. X %-in.) blocks near the bolt
holes were cut from various specimens (not
including the failed zones) so that light micro-
scope slides could be prepared. These blocks
included growth rings that were representative
of those observed in the failed zones. Blocks
were immersed in water, a vacuum was ap-
plied, and they were allowed to soak overnight
to soften for better microtome slicing. A slid-
ing microtome was used to obtain thin sections
from the wood blocks. The thin sections were
stained with fast green and Safranin stains to
accentuate cellulose and lignin, respectively,
and then mounted on glass microscope slides.
Microscopic measurements were made on
cell-wall thickness, number of vessels and
cell-wall thickness per unit area, and ray width
of each species with the computer software to
correlate with the observed failure modes.

Micromechanics specimens

To determine the correlation of the failure
modes with individual growth ring behavior,
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FiG. 1. Tlustration of cross-sectional wond anatomy. 45X, la) red cak (Quercus rubra) illustrating ring porosity
and wide rays. 1b) maple (Acer spp.) illustrating diffuse porosity and narrow rays.

micromechanics test specimens were prepared
from several locations in the full-size test
specimens. The locations were chosen at ran-
dom and distant from both the specimen ends

and the bolt hole. Ten micromechanics speci-
mens were prepared from the maple blocks,
ten were prepared from the earlywood (EW)
portions of the red oak blocks and ten from
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Fic. 2. Diagram of test specimen (inset in upper left)
and test fixture for applying the bearing load to the full-
size specimens. All dimensions are mm.

latewood (LW) portions. Average dimensions
were | mm X | mm in cross section and 4
mm along the grain (0.034 in. X 0.034 in. X
0.160 in.). Average moisture content at test for
the maple microspecimens was 9%, oak ear-
lywood was 13%, and oak latewood was 15%.
Specific gravity at test was 0.59 for the maple,
0.46 for oak EW, and 0.65 for oak LW. Com-
pression tests were conducted using a Fullam
microtesting device illustrated in Fig. 3
equipped with a 11.4 kg (25 Ib) load cell.
Load was applied at a constant crosshead rate
of 0.003 mm/min (0.00012 in./min). Displace-
ment (change in length of the specimen) was
measured using video microscopy of comput-
erized images acquired before and during the
loading according to principals and techniques
as fully described in Zink et al. (1995). Fig. 4
illustrates the complete set-up for microme-
chanical testing.
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RESULTS AND DISCUSSION
Failure modes

The two main failure modes thet were iden-
tified from examination of the failure test
specimens were buckling failures and crushing
failures. Buckling refers to a folding or wrin-
kling of the surface where the failure lines in
the wood were at an angle to the grain direc-
tion. Crushing refers to a telescopic shortening
or compression of the wood surface under-
neath the loaded area. A typical crushing fail-
ure of one of the maple specimens is shown
in Fig. 5a, a typical buckling failure exhibited
in the earlywood portion of red oak specimens
is shown in Fig. 5b, and Fig. 5c illustrates a
typical crushing failure observed in oak late-
wood. For other examples of buckling and
crushing failures, see Bodig and Jayne (1982),
Co6té and Hanna (1983), and Bariska and Ku-
cera (1983).

All maple specimens displayed a crushing
type failure underneath the bolt hole as seen
in Fig. 5a. The crushed area was remarkably
uniform in visual character for all specimens
examined. The only difference within the ma-
ple specimens was the relative expanse of the
crushed area. However, on a macroscopic
scale, there were no discernible differences.
There are two possible reasons for the tenden-
cy to fail uniformly in crushing. As seen in
Fig. 1b, maple has a very uniform diffuse-po-
rous anatomical structure, and this uniformity
in structure should result in uniformity in fail-
ure patterns. A homogeneous failure form
throughout the growth rings of axtal compres-
sion specimens of aspen was also observed by
Kucera and Bariska (1982). In part 2 of their
study (Bariska and Kucera 1985), they ob-
served that the lack of density contrast within
growth rings tended to produce less inclined
failure planes, which are indicative of crushing
rather than buckling failures. However, in an
ultrastructure study of compression parallel-
to-grain failures of ring and diffuse-porous
hardwoods, Co6té and Hanna (1983) observed
no visible differences in the failure patterns.
The second reason for the crushing failures
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FiG. 3.

observed in the maple specimens is that the
fiber cell elements in maple are generally
strong, thick-walled, short columns, which
when loaded, should fail in total compression,
not buckling. These fibers also act to laterally
support the weak, thin-walled vessels and thus
cause them to fail in pure compression. Ku-
cera and Bariska (1982) observed that fibers
in aspen compression specimens exhibited
telescopic shortening and folds; however they
further observed that cell elements with nar-
row lumens such as latewood vessels and fi-
bers also buckled.

The tendency of individual cells or groups
of cells such as annual rings to crush rather
than buckle is further understood in view of
the slenderness ratio

Close up of microtesting device, arrow indicates microspecimen inside testing fixture.

L/D (1)

where

L = the length of the specimen beneath the
bolt (69 mm)

D = the thickness of the test specimen or
portion of annual ring in contact with
the bolt.

Columns with slenderness ratios greater than
11 are considered long columns and should be
expected to buckle under axial compression
loads (Bodig 1965). In the case of the maple
which is diffuse-porous, the whole specimen
acts together, and the L/D ratio is 1.5, where
L =69 mm (2.7 in.) and D is 46 mm (1-'¥,
in.). A slenderness ratio this low means that
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FiG. 4.

Photograph of micromechanical test set-up; A—Image analysis computer, B—CCD Video Camera, C—

Reflected light microscope, D—Microtesting device, E—Load signal conditioner, F—Chart recorder.

the specimen will tend to behave like a very
short column and crush rather than buckle
(Bodig 1965).

The oak specimens displayed two distinct
failure modes depending on whether or not
EW or LW was observed on the lateral sur-
faces. A buckling type failure was observed in
the EW underneath the bolt hole (see Fig. 5b)
and a crushing type failure was observed in
the LW (Fig. 5¢). The buckling folds were par-
allel to the tangential direction and at an av-
erage inclination angle of 45° to the grain.
Ring-porous hardwoods may be considered a
two-phase laminate of alternating large, thin-
walled hollow tubes in the earlywood and
stronger, thick-wailed columns in the latewood
(refer to Fig. la). The buckling failure ob-
served in the EW occurred because the EW
vessels, which are analogous to large, thin-
walled tubes, provide little or no support along
the sides when loaded in compression, and are
unstable and buckle as a result. The crushing
failure observed in the LW occurred because
the LW is composed mostly of strong, thick-
walled fibers as seen in Fig. 1b, which behave
in a similar fashion to short, solid columns.

These thick-walled fibers also act to support
the LW vessels. When loaded in compression,
the fibers and LW vessels will fail in pure
compression and not buckle. Those specimens
exhibiting a transition zone between EW and
LW displayed a combination of buckling and
crushing failures with the EW exhibiting
buckling failures and the LW, crushing fail-
ures. Bariska and Kucera (1985) observed that
the compression specimens with distinct den-
sity contrasts within growth rings exhibited
distinctly different failure patterns for EW ver-
sus LW and that these specimens displayed
high angle inclination failure planes, and
buckling failures as a result.

As with the maple specimens, the failure
modes are further understood from the slen-
derness ratios. For the ring-porous red oak, the
latewood bands will act like spaced columns
(Bodig 1965), and the width of the latewood
or earlywood bands in contact with the bolt
will determine the slenderness ratios for that
portion of the loaded cross section. For the
entire EW portion of one oak specimen, the
slenderness ratio of EW under load is 5.5 (L
=69 mm (2.7 in.) and D = 12.7 mm (0.5 in.))
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Fic. 5. Photographs of typical failure modes in full-size bolt specimens. 2.25X. 5a) crushing failure observed in
maple samples, 5b) oak displaying earivwood buckling, Sc) oak displaying latewood crushing.

and for the entire LW portion, it is 2.1 (L = mm (0.09 in.)). The much higher slenderness
69 mm (2.7 in.) and D = 33.3 mm (1.31 in.)). ratios for the EW portions of the specimen
For an individual column of EW, the ratio is would indicate that this part of the specimen
87 (L = 69 mm (2.7 in.) and D = 0.79 mm would buckle rather than crush and the LW
(0.03 in.)) and for an individual LW column, would tend to crush. Because the growth rings
it1s 30 (L = 69 mm (2.7 in.) and D = 2.3 are continuous across the area in contact with
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the bolt, it is probable that a direct interpre-
tation of these slenderness ratios calculated
from individual columns of EW supported by
LW cannot be made, but the ratios can serve
as a useful guide (Bodig 1965).

All oak specimens displayed numerous
small or large cracks above and below the bolt
hole. Most cracks occurred within a ray or
were initiated near a ray. The influence of
multiseriate rays or ray margins in either ini-
tiation or serving as crumble zones was also
observed by Schniewind (1959), Kucera and
Bariska (1982), Bariska and Kucera (1985),
Coété and Hanna (1983), and Choi et al
(1996). The initiation of cracks near the rays
can be explained by the Poisson effect, the
disruption of the longitudinal organization
caused by the lateral ray, low tension perpen-
dicular-to-grain strength, and lower fracture
toughness values. When the bolt was loaded,
the Poisson effect dictates that the material
will expand in a direction that is perpendicular
to the force direction, thus causing tension
perpendicular to the grain in the specimens.
The perpendicular tension leads to separation
of the wood in the form of cracks at the weak-
est point in the specimen, which for the red
oak is the rays. The large, multiseriate rays of
oak represent a plane of weakness or potential
stress concentrator because, when loaded per-
pendicular to their long axis, they are not as
strong as longitudinal fibers and will collapse.
Further, they cause a disturbance in the regu-
lar, longitudinal alignment of the majority of
the cell elements. Cracking was more prolific
in red oak due in part to differences in tension
perpendicular strength and Mode 1 fracture
toughness. Values for Mode 1 (opening mode)
TL crack alignment for air-dry red oak is 407
kN/m*?* and for air-dry hard maple, 492 kN/
m** (Bodig and Jayne 1982). Tension perpen-
dicular-to-grain maximum strength for air-dry
red oak is 5.5 MPa and for air-dry hard maple
1s 16 MPa. (USDA Wood Handbook 1987).
Transfer of tension stresses perpendicular to
the grain has also been observed by Humphrey
and Ostman (1989a) and in the numerical
analysis of Wong and Matthews (1981}.
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While the failure patterns in the maple were
consistent for all specimens, no two oak spec-
imens were alike. This is probably a result of
the variability in the annual ring structure in
the oak specimens as illustrated in Fig. 1a. The
only similarity that was observed between the
maple and oak specimens was that the oak LW
regions failed in almost the same manner of
crushing as the maple specimens. This is not
unexpected since both are composed mainly
of strong, thick-walled fibers and thus much
more cell-wall material than the oak EW re-
gion. It appears, then, that the observed failure
mode depends on the amount of cell wall ma-
terial.

Microscopic measurements of cell elements

Based on the gross observations as dis-
cussed in the previous section, it was deter-
mined that the amount of solid cell-wall ma-
terial relative to open lumen space in a given
region and the width of the rays were the pri-
mary factors influencing the observed failure
modes. These factors were quantified using
computer vision and image processing (Um-
baugh 1998) of the ray width, cell-wall thick-
ness, percent cell-wall material, and percent
vessel space. Percent cell-wall material is the
percentage of solid cell-wall material in a giv-
en area and, likewise, percent vessel area is a
measure of the amount of space in a given area
occupied by vessels. A summary of the mea-
surements is shown in Table 1. Average values
were calculated from 50 measurements of
each anatomical feature. Volumetric compo-
sition of northern red oak and sugar maple is
included in this table to illustrate the percent-
ages of the various cell elements.

The primary cell elements that contribute to
the amount of lumen space are vessels (Pan-
shin and de Zeeuw 1980). Therefore, the as-
sumption behind our measurements was that
whatever is not occupied by vessel lumen
space must be occupied by mostly cell-wall
material. The regions with more cell-wall ma-
terial (less lumen space) have more buckling
resistance and will have a crushing or com-
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TABLE 1. Summary of microscope measuremenis (average of 50 measurements).
Cell wall
thickness
Ray o
width Vessels Fibers Cell wall Y
(m) (pm) (um) material Vessels
Maple 35 23 5.3 63 14
Oak EW 259 5.6 5.1 32 60
Oak LW 259 6 9 61 6
% of total volume
Axial
Vessels Fibers Rays parenchyma
Acer saccharum* 21 6l 17.9 0.1
Quercus rubra*®* 19.5 413 15.9 23.4

* Panshin, A, 1. and C. de Zeeuw. 1980.
=5 Maeglin 1976,

pression type of failure. The regions with less
cell-wall material (more lumen space) can eas-
ily become unstable and will tend to buckle or
wrinkle. Table 1 clearly shows that oak EW is
composed mostly of lumen space (68% of to-
tal volume) while oak LW and maple have
relatively small amounts of lumen space and
thus much more cell-wall material, 39% and
37% respectively. According to previous stud-
ies, vessels occupy 19.5% of the total volume
of northern red oak (Maeglin 1976) and 21%
of hard maple (Panshin and de Zeeuw 1980).
Experimental measurements of vessel percent-
ages in our maple samples indicate that vessels
occupy 14% of the total volume of the maple
specimens, which is slightly lower than the
textbook values. Further, our measurements
indicate that vessels are 60% of the volume of
red oak EW and only 6% of red oak LW.
Hence, these measurements support the as-
sumption that less cell-wall material (more lu-
men space) will tend to buckle and the obser-
vation of red oak EW buckling failures, red
oak LW crushing, and maple crushing failures.

Measurements of ray widths were made for
both species to quantify the size and contri-
bution of the rays. From Table 1 it is easy to
see that the maple rays were very narrow com-
pared to the wide oak rays. Comparison of ex-
perimental measurements indicates that our
measurements were within the textbook values
of 150-400 plus pm for red oak and from

uniserate to multiseriate in hard maple (Pan-
shin and de Zeeuw 1980). Because the oak
rays are so wide, they represent a broad plane
of weakness in the wood—hence they are less
strong and cause an irregularity in the struc-
ture. Due to the vector forces from the circular
bolt loading, the Poisson effect, the irregular-
ities of the rays that cause stress concentra-
tions, and weakness of wood when loaded per-
pendicular to the grain, oak wood loaded in
compression parallel to the grain will tend to
fail in tension perpendicular to the grain.
Therefore, our measurements support the ob-
servation that the rays in oak influenced the
failure mode.

Bearing stress

Maximum load and displacement, bearing
stress, and stiffness data are displayed in Table
2. Specific load was used to calculate bearing
stress to minimize or eliminate the influence
of specific gravity on the results. The amount
of stress created by the bearing of the bolt on
the surface of the wood is called the bearing
stress. Bearing stress is obtained by dividing
the specific load P by the area of the bolt in
contact with the wood surfaces and is calcu-
lated as

o, = P/(td) 2)

where
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TaBLE 2. Full-size bolt test results.
Max. bolt Specific Specitic stiftness
Max. loud displacement bearing stress™® in compression®*
Specimen Muple Quk Muple Oak Muple Ouk Maple Oak
no. (kg) (kg) (mm) (mm) (MPa) (MPa) (MPa) (MPa)
1 4.462.8 3.827.2 5.94 5.16 115 109 1,259 1,691
2 4,303.9 3.931.6 6.35 3.30 111 112 1,245 1,684
3 4,885 42358 6.35 3.61 126 121 1,283 1.732
4 4,658 4.204 6.35 4.45 120 120 1.331 1,722
5 4,540 411738 5.31 3.94 117 118 1.357 1.649
6 4,553.6 3.809.1 5.77 5.77 118 109 1,495 1.420
7 4.549.1 3.554.8 541 4.80 17 101 1.410 1,189
8 4313 3.822.7 5.56 6.12 111 109 1,320 1.411
9 4.426.5 4.058.8 5.36 4.22 114 116 1.310 1.422
Ave. 4,533 3938 6 5 117 112 1,338 1,562
SD 175 218 0 1 5 6 78 186
CV (%) 4 6 7 20) 4 6 6 12
* Specific Bearing Stress = P/t X d) where P = specific load t(load/specitic gravityy: Ouk = 0.57. Maple = 0.63: t = thickness of test specimen in contact
with bolt: d = diameter of bolt,
#% Stitfness in Compression = P/d where P = specitic lead at proportional limit: (load/specitic gravity): d = bolt displacement at proportional limit.

P = the specific load (load + the specific

gravity)

t = the thickness of the test specimen in
contact with the bolt

d = the diameter of the bolt.

A statistical t-test at a 95% confidence in-
terval was performed on the mean specific
loads to determine if the two species were sta-
tistically significantly different from one an-
other. Through the t-test it was determined that
the mean specific load and therefore, the bear-
ing stress, of oak was not significantly differ-
ent from maple. Based on this finding for the
wood specimens used in this study, it can be
concluded that the hardwood anatomical fea-
tures did not influence the bearing stress.

Stiffness in compression

Specific stiffness in compression, defined as
specific load (load =+ specific gravity) divided
by displacement of the bolt, was calcuiated at
the proportional limit for each specimen. The
displacement of the bolt was measured as the
movement of the crosshead and was obtained
from the load-displacement plots. These re-
sults are tabulated in Table 2. A statistical #-
test at a 95% confidence interval was per-
formed on the mean stiffnesses to determine

if the two species were statistically signifi-
cantly different from one another. Through the
t-test, it was determined that the mean stiffness
of oak was significantly different from maple.
Based on this finding, it can be concluded for
the specimens used in that study that in con-
trast to the bearing stress, the hardwood ana-
tomical features did influence the stiffness in
compression.

It can also be seen from Table 2 that the
oak specimens exhibited a higher coefficient
of variability in the displacements than the
maple specimens. The cause for the variable
displacements observed within the oak speci-
mens is most likely due to the irregular struc-
ture of oak and the mixed-mode failures, while
the regular structure and failure mode of ma-
ple is probably the cause for the observed uni-
form displacements in maple.

Micromechanics tests of individual growth
ring regions

Values for maximum load and specific
crushing stress (normalized by specific gravi-
ty) from individual growth rings are shown in
Table 3. Statistical t-tests at a 95% confidence
interval indicate that the means for the maple
specimens were not statistically significantly
different from the oak LW values; however,
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TABLE 3. Micromechanics compression test results.
Max. load
Ouak Oak
Specimen  Maple EW LW Maple EwW LW
no. (kg (kg) (ky) (MPa) {MPa) (MPa)
I 77 27 6.8 52.60  19.17  56.60
2 6.8 2.7 6.8 47.09 2509 48.19
3 59 4.1 6.4 50.19  31.16  35.50
4 8.6 32 114 5198 1682 8631
5 7.7 32 8.6 53.15 1841 6246
6 59 50 100 48.60  27.09  55.08
7 50 27 6.8 48.46 1599 60.39
8 73 50 5.4 46.60 32.82  38.19
9 59 23 5.0 4454  19.17  35.16
10 59 32 54 48.74  17.03  28.68
Sp. G. 0.59 0.46 0.65
Ave. 7 3 7 49 23 53
SD l I 2 3 6 5
CV (%) 16 28 27 6 26 29
* Crushing stress = P/A where P~ specific maximum load (load/specific
arvity)r A - gross cross-sectional arca.

the oak EW results were statistically signifi-
cantly different from both maple and oak LW
values. In all cases, maximum load and crush-
ing stress for oak EW was almost half that of
the maple and oak LW. Variability of the oak
results was approximately equal and much
higher than that of the maple specimens. Ex-
treme care was taken in preparing these small
specimens; however, the cross-sectional di-
mensions of the specimens were very close to
the width of the earlywood portion of the
growth rings in the initial test blocks and prep-
aration artifacts were impossible to avoid.
Also, an adjustable ball-and-socket assembly
was not available for applying the load, so
preparation artifacts and eccentricities in load-
ing are the most probable sources of the high
degree of variability.

However, the average values obtained with
the micromechanics specimens compare well
with previously published values for full-size
specimens. The experimentally determined av-
erage value for the maple samples—49 MPa—
compares very well with the handbook value
(USDA-FS 1987) of 54 MPa for hard maple
(sugar maple), specific gravity 0.63, and a
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Fia. 6.
oak earlywood microtest specimens. 12.5X.

Photograph of buckling failure exhibited by

moisture content of 12%. The maximum
crushing stress handbook value (USDA-FS
1987) for northern red oak, specific gravity
0.59, 12% moisture content is 42 MPa, while
the average experimental value for oak EW is
23 MPa and for oak LW is 53 MPa.
Observations of the failure patterns of the
microspecimens indicate that they failed in the
exact same manner as their respective full-size
bolt specimens—the maple tended to crush,
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FiG. 7. Plot of maximum load versus cross sectional
area for microtest specimens.

the oak EW dramatically buckled (see Fig. 6
for an example), and the oak LW tended to
crush rather than visibly buckle. The much
lower crushing strength of the oak EW and the
tendency of the microtest specimens to dupli-
cate failure modes give further explanation for
the observed tendency of the earlywood por-
tion of the full-size bolt specimens to buckle
rather than crush.

Figure 7 shows a plot of the maximum load
as a function of gross cross-sectional area for
the micromechanical specimens. Regression co-
efficients for the maple specimens (> = 0.87)
and the oak LW (» = 0.77) are very high;
which indicates that the maximum load is
strongly dependent on the cross-sectional area
under load for the maple and oak LW specimens
as expected for the elastic region. However, the
r* value for the oak EW specimens is quite low
(0.12). As mentioned previously, preparation ar-
tifacts were impossible to avoid with the oak
EW specimens, and the lack of correlation is
probably a result of high variability during spec-
imen preparation. In addition, these specimens
consisted of only a few large earlywood vessels
surrounded by a few other cell elements (refer
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to Fig. 1a). The tendency toward instable buckle
failures (refer to Fig. 6) could explain the lack
of correlation between ultimate load and gross
cross-sectional area.

Micromechanics properties determined with
the very small specimens can be used to cal-
culate an average value for crushing strength
of the full-size oak specimens using the law
of mixtures. The overall average value for
full-size crushing strength is calculated as the
weighted average of the stress experienced by
each growth ring layer as follows:

5. = (OCpw)(Agw) t (TLuALw)
" (Aw)

where

3)

o, = crushing strength (stress) for the whole,
full-size specimens

oww = crushing strength of oak earlywood
determined from microtest specimens

o,y = crushing strength of oak latewood
determined from microtest specimens

Ay, = areaof entire carlywood portion of bolt

bearing area X bolt diameter

Ay = area of entire latewood portion of bolt
bearing area X bolt diameter

A,, = area of bolt bearing area (thickness of
specimen in contact with bolt X dia-

meter of bolt).

Using the values for maximum crushing stress
for the micromechanics specimens from Table
3 and the average area of earlywood and late-
wood portions of the full-size oak specimens
(0.017 m* and 0.045 m>, respectively), the cal-
culated value for the entire full-size oak spec-
imens would be 38.5 MPa. This value com-
pares well with the handbook value of 42 MPa
(USDA-FS 1987) for northern red oak, specific
gravity 0.59, 12% moisture content. While the
value of maximum crushing stress calculated
using the theory of mixtures compares well
with the published value for northern red oak,
this does not offer any proof necessarily.
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CONCLUSIONS

This study focused on evaluating the influ-
ence of different hardwood anatomical fea-
tures on the failure mode, bearing stress, and
stiffness in compression of hard maple and red
oak single-bolted connections. Based on the
results obtained from the experiments and the
above discussion, the following conclusions
can be drawn:

® The uniform failure mode of maple may be
attributed to its uniform anatomical struc-
ture, while the variable failure modes of oak
may be attributed to its variable anatomical
structure.

® Maple specimens and oak LW regions both
displayed a crushing failure mode, while the
oak EW regions showed a buckling failure
mode. These observations can be attributed
to the amount of cell-wall material and
buckling resistance. Regions with more
cell-wall material relative to lumen void
space (oak LW and maple) will tend to
crush, while regions mostly composed of
lumen space (oak EW) will tend to buckle.

® The numerous, random cracks in oak were
caused by the large, numerous rays failing
in tension perpendicular to the grain, vector
forces from the circular dowel loading, and
to a lesser extent, the Poisson effect under-
neath the bolt.

® The variable amount of bolt displacement
in oak compared to the constant amount of
bolt displacement in maple was caused by
the irregular structure of oak and uniform
structure of maple.

® Bearing stress was not influenced by differ-
ent hardwood anatomical features; however,
stiffness in compression was and this influ-
ence should be considered in future design
specifications.
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