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ABSTRACT

Stresses in, and strength of, single- and double-bolted mechanical joints in wood members are
analyzed experimentally and numerically. The analyses account for the nonlinear geometric and stress-
strain responses and the thicknesses of the members. Stresses are obtained using finite elements, strain
gages, and moiré techniques. Failure is predicted from assumed strength criteria. Stresses and strength
are influenced by end-distance, bolt-spacing, edge-distance, bolt-clearance, and load distribution be-
tween bolts of a multiple fastener. Predicted initiation of failure agrees with visible and audible damage
initiation in full-scale components. These occur at 10 to 25% of ultimate structural strength.

Keywords: Bolted joints, mechanical fasteners, finite elements, moiré, strain gages, failure theories,
testing, nonlinearity.

INTRODUCTION

Mechanical fasteners are common in timber construction (Fig. 1), but available
design information tends to be empirical and available for only simple cases.
Development of improved procedures has been inhibited by insufficient knowl-
edge of the stresses in the wood surrounding the bolt-loaded holes. It is typically
assumed that connector end distance and bolt spacing are adequate to develop
the full strength of each bolt individually (National Forest Products Association
1986). However, in practice space and load requirements often necessitate using
multiple fasteners whose end distance and/or bolt spacing is less than sufficient
to develop the maximum strength of each bolt individually. Moreover, individual
bolts of a multiple-fastener joint do not necessarily load up evenly, and the cosine
stress distribution, which is often assumed, is inadequate. In view of the above,
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Fic. 1. Cut-away of previously loaded single-bolted fastener in wood.

the stresses and loads at failure initiation of actual mechanical fasteners in Sitka
spruce and Douglas-fir are predicted here numerically using finite-elements and
strength criteria. Some damage progress is also evaluated. Predicted results are
verified experimentally.

Enhanced fastener analysis and design information will help improve structural
reliability and facilitate efficient use of wood products. Results herein suggest that
the currently recommended end distances may be conservative, the longitudinal
bolt spacing of four times the bolt diameter is reasonable, and that the presently
recommended minimum bolt clearance should be reduced. Also, the load distri-
bution between individual holes of a multiple-bolt connector can significantly
influence the strength and failure mode,

Figure 1 is a photograph of a cut-away of a previously loaded single mechanical
fastener in wood, whereas Fig. 2 is a cross section of a double-bolted joint. Bolted
joints of this investigation were modeled numerically as shown in Fig. 3. Plane-
stress was assumed. The problem is geometrically nonlinear because of the in-
creasing area of bolt contact with increasing load.

Eight-node isoparametric quadrilateral elements, strain gages, high-resolution
moiré, and linear and nonlinear stress-strain wood properties were used. Friction
at the wood-bolt interface was accounted for, as were bolt clearance and wood
compliance between the bolt-loaded holes. Numerically, the bolts were assumed
to be rigid. Effects of bolt spacing, end distance, member thickness, and load ratio
between the bolts were evaluated. Tsai-Hill, Cowin and Tsai-Wu strength criteria
(Rowlands 1985) were employed.

Predicted stresses agree with those determined experimentally. Mode of failure
depends on the in-plane geometry of Fig. 3, and the relative loading between
fastener bolts. The present numerical model predicts the structural load and lo-
cation of damage at initial failure. The predicted initiation of fastener failure
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Fig. 2. Cross-section of double-bolted mechanical fastener.

agrees with initial wood failure of the full-scale components, both typically oc-
curring at approximately ten to twenty-five percent of ultimate structural strength.

LIST OF SYMBOLS

a plate end distance
a; polynomial coefficients
b plate half-width
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FiG. 3. Schematic of double-bolted mechanical fastener.
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p moiré pitch
P, load on bolt(hole) A
Py load on bolt(hole) B
P,/Py percent of total load on bolt(hole) A to that on bolt(hole) B
P.r total structural load when failure initiates at hole A
Pge  total structural load when failure initiates at hole B
R hole radius
bolt radius
polar coordinates
shear strength
main member thickness
displacements
tensile strength parallel to the grain
compressive strength parallel to the grain
tensile strength transverse to the grain
compressive strength transverse to the grain
rectangular coordinates
local natural coordinates
coefficient of friction
stresses
fringe multiplication number
numerical contact tolerance
Poisson’s ratio
material directions as subscripts
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RELEVANT PREVIOUS INVESTIGATIONS

Numerous studies of mechanical joints and the associated problem of bolt-
loaded holes have been conducted. These include articles by Agarwal (1980);
Bodig and Farquhar (1988); Chang et al. (1982); Chiang (1983); Chiang and
Rowlands (1987); Cramer (1968); Crews and Naik (1986); Fan (1988); Garbo and
Ogonowski (1981); Herrera-Franco and Cloud (1986); Hyer and Liu (1984); McLain
and Thangjitham (1983); Oplinger (1976); Oplinger and Gandhi (1974a, b); Pat-
ton-Mallory (1988a, b); Prabhakaren (1982); Pyner and Matthews (1979, 1980);
Rahman (1981); Rahman et al. (1984); Rahman and Rowlands (1990); Rowlands
et al. (1982); Saba et al. (1988); Salinas (1988); Soltis and Wilkinson (1987);
Walker and Morrow (1988); Waszczak and Cruse (1971, 1973); Wilkinson et al.
(1981); Wilkinson and Rowlands (1981a, b); Wilson and Tsujimoto (1986); and
Yen (1978).

Few of the papers on this topic involve wood, and even fewer evaluate actual
stresses (or strains) experimentally, impose strength criteria, or consider inter-
actions among bolt-loaded holes. Rahman (1981) combined strength criteria with
experimental and numerical stress analyses to predict the strength of bolted joints
in wood and fiber-reinforced composites. While experimental stress analyses as-
sociated with bolted joints in other orthotropic materials have been conducted
by Rowlands et al. (1982), Hyer and Liu (1984), Prabhakaran (1982) and Herrera-
Franco and Cloud (1986), only Wilkinson and Rowlands (1981a, b), Rahman
(1981) and Chiang (1983) appear to have applied such applications to wood. Little
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information exists concerning the effect of member thickness or nonlinear con-
stitutive behavior in bolted joints, although yield models in bolted wood joints
were discussed by McLain and Thangjitham (1983). Cramer (1968), Garbo and
Organowski (1981), Yen (1978) and Herrera-Franco and Cloud (1986) have con-
sidered multiple-bolt connectors, but Rahman (1981) appears to be the first to
actually stress (experimental-numerical) analyze this important case. End effects
under tensile and compressive loading were compared by Patton-Mallory (1988a),
and the response of loading transverse to the grain was reported by Walker and
Morrow (1988). Bodig and Farquhar (1988) evaluated the effects of accelerated
strain rates, while reliability bounds and a connector optimization procedure were
proposed by Salinas (1988) and Saba et al. (1988). Unfortunately, the latter ap-
proach appears to ignore important effects such as relative bolt clearance. Patton-
Mallory (1986b) described acoustic emission monitoring of the damage progress
in a loaded bolted joint in wood, and Chiang and Rowlands (1987) studied the
crack propagation eminating from bolt-loaded holes.

FINITE-ELEMENT ANALYSIS

It is important numerically to account for bolt clearance, fixation and sliding
friction between the bolt and contacting wood, and the compliance between bolt
holes of multiple-bolt connectors. Our finite-element approach for bolted joints
in wood has progressed through several stages. With single-fastener joints, we
initially assumed a linear stress-strain wood response and employed iteration to
maintain contacting nodes of the wood virtually on the surface of the loading bolt
(Wilkinson et al. 1981; Wilkinson and Rowlands 1981a, b). Rectangular coor-
dinates and a stationary bolt were used, and the wood was “pulled around the
bolt.”

For double-bolted mechanical fasteners such as those of Figs. 2 and 3, Rowlands
et al. (1982), Rahman et al. (1984) and Rahman and Rowlands (1990) used a
global set of rectangular coordinates, as well as a local set of rectangular and polar
coordinates at each bolt-hole whose origins were at the center of the respective
bolt. This enables one to account for the compliance between bolt holes and
permits the contacting nodes of the wood to be maintained on the surface of a
loading bolt. Compared to our earlier numerical scheme described in the previous
paragraph, this present method eliminates the partial unloading iterations needed
previously to maintain contacting nodes on a bolt. It also satisfies the contact and
friction conditions more accurately, has the numerical advantage of being more
modular, and provides accurate analysis with fewer elements. The ability to use
fewer elements is particularly significant with multiple-bolt fasteners. Computer
analyses of a multiple-bolt fastener are already time-consuming because friction
(determining regions of slip and fixation conditions) and the desire to achieve a
particular load-ratio between individual bolts necessitate separate iterative pro-
cedures.

The previous finite-element method by Wilkinson et al. (1981) for a single bolt
pulled the wood around a stationary bolt. In the present approach by Rahman
and Rowlands (1990), the wood is held stationary at the left end of Fig. 3, and
each of the bolts is moved incrementally into the wood using an iterative scheme
to maintain the desired loading ratio between bolts.
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The following load-ratios (percent) have been considered between individual
bolts of multiple-bolt fasteners, Rahman (1981): P,/Py = 0/100, 30/70, 50/50,
70/30, and 100/0. P, is the load on bolt A, while Py is the load on bolt B (Fig.
3). Some of the load ratios were studied under varying distance ¢ between bolt
holes. Unless stated otherwise, width 2b = 3 in. (7.62 cm) and thickness t = (.25
in. (0.635 cm). Cases are considered presently for each of end distance a = 1 in.,
2 in. and 3 in. (2.54 cm, 5.08 cm and 7.62 cm). Space permits presenting only
limited results here. The reader is directed to the theses by Rahman (1981) and
Chiang (1983) for additional information and details.

Many wood species have nonlinear stress-strain responses, particularly in com-
pression. The above finite-element scheme was subsequently modified here to
incorporate nonlinear stress-strain behavior of the wood. This was accomplished
using tangent moduli (Chiang 1983).

Curved isoparametric quadrilateral elements having eight nodes and 16 degrees
of freedom were used. The interpolation polynomial for the displacements of this
element is of the following form:

uE, m) =a; + at + am + a8 + as{n + agn® + a,8n + agkn’. m

£ and 7 are natural coordinates and a, are coefficients.

Coulomb friction is assumed between a steel boit and the wood, and regions
of slip and fixation are provided. A contacting node of the wood is fixed to the
bolt surface if

OS'MU}I - lTrﬂl <'Y (2)
A contacting node continues to slide on the surface of a bolt if
(po | < |7q] (€)]

where o,, 7,, are the radial normal and shear stresses in the wood, and u = 0.7
{Wood Handbook 1974) is the coeflicient of friction. « is a selected tolerance, and
experience demonstrated that values of v in the range of 1 to 5 psi (6.9 to 34.5
KPa) are suitable.

Current analyses are limited to cases in which the material axes of symmetry
are parallel and perpendicular to the geometric and loading axes of symmetry.
Symmetry permits modeling numerically half of the joint (Fig. 4). One-half of a
plate with end distance a = 2 in., half width b = 1 in. and a single bolt is represented
typically by 53 elements and 252 nodes (Rahman 1981). Numerical details for
stress analyzing single bolt-loaded members are described by Wilkinson et al.
(1981) and Wilkinson and Rowlands (1981a, b), while those for double-bolted
joints are discussed by Rahman and Rowlands (1990). For simplicity, the mesh
of Fig. 4 is for a single bolt-loaded hole. That for a double bolt-loaded hole consists
essentially of repeating the mesh to the right of line HI of Fig. 4 to the right of
line JK.

MOIRE

Moiré is an optical phenomenon observed when two closely spaced arrays of
lines or patterns are superimposed and viewed with transmitted or reflected light.
If the two arrays differ in spacing or orientation, interference between the arrays
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produces moiré fringes. In engineering practice, a line array is typically photo-
printed or etched onto the surface of the structure whose stresses (strains) are
sought. This ruling becomes the active array in that it follows the surface defor-
mations of the loaded structure. A transparent reference or analyzing array is
traditionally placed in contact with the active structural array, and the two arrays
are aligned and viewed. Although not necessary, one normally uses parallel lines
having a common pitch p (I/p = lines/in. or lines/mm) for the active and analyzing
grids. As the structure is loaded, the pitch and orientation of its lines change to
produce moiré fringes between the active deformed structural ruling and that of
the passive analyzer. These fringes can be interpreted in terms of the relative
motion between the ruling arrays.

Moiré fringes represent loci of points of constant displacement. The component
of the displacement is that transverse to the direction of the analyzing grid. The
magnitude of the displacement u is

u= Np @

where N is the fringe order. Orthogonal rulings may be used to give both u and
v components of displacements. Strains are obtained by differentiating the dis-
placements. The stresses can then be obtained from the stress-strain relationship.

Conventional moiré can be insufficiently sensitive. For this reason we employed
moiré fringe-multiplication (Post and MacLaughlin 1971; Rahman 1981; Chiang
1983). Instead of forming the moiré fringes in situ by maintaining the active and
analyzing arrays in contact during loading of the structure, optical replicas of the
deformed active array were recorded photographically on glass plates. These rep-
licas were subsequently analyzed in collimated monochromatic light in series with
a blazed reference (analyzing) grating. The frequency of the lines of this blazed
analyzing-ruling was an interger multiple 8 of the undeformed specimen ruling
frequency. The resulting moiré fringes correspond to those that would occur had
both the active and analyzing rulings been of the dense frequency of the latter.
This produces a fringe multiplication of 3.

Cross-grids were used for the active array. By sequentially rotating the replicas
through 90°, both u and v displacement fringes were obtained from a unidirectional
blazed ruling. We used active grids of 500 dots/in. (20 dots/mm) on the wood
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TABLE |. Measured elastic and strength properties of Sitka spruce and Douglas-fir (Rahman 1981).

Property Sitka spruce (psi) Douglas-fir (psi}
E. 2.4 x 10¢ 1.7 x 10¢
E, 1.2 x 10° 0.9 x 10°
Vyy 0.5 0.5
G,, 1.4 x 109 1.2 x 108
X 13,000 12,000
X' 5,160 5,000
Y 370 340
Y’ 580 500
S 1,150 1,100

and a blazed analyzer of essentially 5,000 lines/in. (200 £pmm) to give a fringe
multiplication of 3 = 10.

STRENGTH CRITERIA

One must have a criterion on which to base a design. This is typically accom-
plished by formulating some characteristic or limiting stress, strain, or energy
condition such that once that limit is reached at any location, failure or damage
initiates at that location. Localized failure does not necessarily mean the com-
ponent cannot continue to carry the applied, or even a higher, load. To predict
ultimate strength of a structure requires modeling any damage, or perhaps the
unloading of a damaged region.

The Tsai-Hill, Tsai-Wu and Cowin failure theories are used here (Rowlands
1985). These theories are as follows:

2 2 2
() () ) (5) <

where X, Y and S are the strengths parallel and perpendicular to the grain, and
in shear, respectively.

@ Tsai-Hill

® Tsai-Wu
F,o, + Fyo, + 2F 0,0, + F 10,2 + F0,2 + Feery)® < 1, (6)
where:
1 1 1 1
Fl=ee—=—, F==——,
X X7 Yy Y
1 1
F, = XX F,, = Sk
1
Feo = §, Fi, = VF,|F», (7)

and primed values denote compressive strengths. F,, was taken here to be zero.
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P

FiG. 5. Moiré fringe pattern of the vertical displacements between holes of a double-bolted me-
chanical fastener in Sitka spruce: (P,/Py) = 00/100, P=1001b,a=1in, b= 1.5in.,c=2in, t =
0.25 in,, R = 0.25 in., r/R = 0.924; 5,000 2pi Equivalent.
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Fic. 6. Effect of material nonlinearity of spruce on longitudinal stress o, along line AB of a single-
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o Cowin

Same as the Tsai-Wu theory except

Fi, = VF|Fy, — 8)

L
28?°

Measured elastic and strength properties of Sitka spruce and Douglas-fir are
shown in Table 1. The wood was conditioned at 65% RH and 74 F to maintain
a moisture content of 12%. The article by Rowlands (1985) reviews anisotropic
biaxial strength theories, including those used for wood.

RESULTS
Experimental-numerical stress correlation

Parametric studies are most conveniently conducted numerically, but the com-
plexity of the finite-element analysis warranted experimental verification. Figure
5 is a typical photograph of the moiré fringes between bolt holes of a double-
bolted connector in Sitka spruce. The bottom hole of this pattern is unloaded.
Fringes represent loci of points of equal vertical displacement in 0.0002 in. (0.005
mm) increments. Figure 6 and the articles by Wilkinson and Rowlands (1981a,
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TABLE 2. Stress beneath loading bolts in Sitka spruce from strain gages and finite elements: P, + P, = 100
and 200 lb; P,/Pg = 100/00 and 00/100 (t = 0.25 in., R=025in,r/R= 0924, a= 3 in, b= 15
in.).

Hole A
Stress, o, for P, + Py = 200 1b Stress, o,, for P, + Py = 100 1b
P./Py = 100/00 P,/Py = 100/00
dist’::nce Strain gages Finite element Strain gages Finite element
6.47" —1,920 psi —2,181 psi —1,346 psi —1,126 psi
6.80” —1,403 psi —1,236 psi ~729 psi ~631 psi
Hole B
P. + P, =2001b P, + P;=1001b
P./Py = 00/100 P,/Ps = 00/100
dist:nce Strain gages Finite element Strain gages Finite element
4.47" —1,609 psi —2,133 psi —~790 pst — 1,099 psi
4.80" ~1,109 psi —1,154 psi —535 psi —~590 psi

b), Rahman (1981) and Chiang (1983) contain further moiré and finite-elements
correlations for bolted connections.

Some Sitka-spruce specimens were also instrumented with electrical resistance
strain gages. These specimens were 0.25 in. (6.35 mm) thick, end distance a = 3
in. (7.62 cm), 2R = 0.50 in. (12.7 mm), and 2r = 0.462 in. (11.73 mm) so /R
= (.924. Strain gages were located along lines AB, A’'B’, CD and C'D’ of Fig. 3.
Table 2 contains representative results. Articles by Wilkinson and Rowlands
(1981a) and Rahman (1981) contain additional strain gage results.

Geometric effects

The maximum radial contact stress in the wood increases with increased bolt
clearance. Also, the maximum radial contact stress can occur at locations other
than directly under the bolt, and a serious transverse tensile stress is produced at
location B of Fig. 3, as the end-distance a is reduced. Such aspects have been
demonstrated previously for single-bolted wood connectors by Wilkinson and
Rowlands (1981a). The effect of end distance on the radial stress beneath the
contacting bolts of a double-fastener joint is shown in Figs. 7 and 8. Bolt spacing
is ¢ = 2 in. (5.08 cm), the bolt holes are equally loaded (P,/Py = 50/50), end
distance a = 1 in. (2.54 cm) and 3 in. (7.62 c¢cm), and results are for total load P,
+ Py = 200(890N), 400(1780N) and 800(3560N) pounds, respectively. Figures
7 and 8 illustrate the following features:

1. The radial contact stress does not increase linearly with applied load because
increased loading increases the contact area.

2. Reducing the end-distance a such that the structural stiffness supporting bolt
A becomes appreciably less than that supporting bolt B reduces the maxi-
mum radial stress beneath bolt A, although the stress spreads out.

Reduced structural stiffness supporting a bolt enables the wood to wrap around
the bolt. This has a tendency to reduce the maximum contact radial stress, while
spreading the stress out. This effect was also noted previously by Wilkinson and
Rowlands (198 1a, b). The structural stiffness supporting a bolt can decrease either
by reducing the amount of material through shortening the end distance, or by
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Fig. 7. Numerically predicted stress ¢, at bolt-loaded holes in Sitka spruce for P,/Pg = 50/50 and
a=1in.

employing a more compliant material. A more compliant material is often also
weaker. Reducing the end distance can produce excessively high tensile stresses
at point B of Fig. 3. Figure 9 shows the increased contact radial stress distribution
for a double-bolted joint when only one of the bolts contacts the wood. However,
Figs. 7 and 9 show that for identical geometry and total load, the maximum radial
contact stress for a single loading bolt is considerably less than twice that for two
loading bolts.

Figure 10 illustrates the change in tangential stress around the boundary of hole
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Fic. 8. Numerically predicted stress o, at bolt-loaded holes in Sitka spruce for P,/Py = 50/50 and
a=3in.

B for a connector of spruce having geometry of Fig. 3 (P = 8001b, 3560N) resisted
only by a bolt at A and for hole spacings of ¢ = 2 in. (5.08 cm), 2.5 in. (6.35 cm)
and 3 in. (7.62 cm), respectively. The tangential stress at § = 90° (§ measured
from point A’ of Fig. 3) on the boundary of unloaded hole B increases with
decreasing hole spacing, but the compressive stress at # = 0° and 180° remains
essentially independent of the variations in hole spacing considered. At least for
this case, varying the hole spacing over the range 8 =< ¢/R = 12 has little effect
on the stresses at hole B. Further studies are warranted for other materials, and
loading of both holes when ¢/R < 8.
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Fic. 9. Numerically predicted stress ¢, at bolt-loaded hole B in Sitka spruce for P,/Py = 00/100
and a =1 in.

Material nonlinearity

Stress-strain response in wood is often not linear to failure. Figure 6 illustrates
material nonlinearity (insert of Fig. 6) for spruce and its effect on the stress beneath
a single bolt-loaded hole in a tensile plate. The radial stress at point A on the
hole boundary of Fig. 6 is reduced by 20% because of material nonlinearity. Such
differences in the stress below a bolt can change the mode of failure beneath the
bolt.

Strength

Figure 11 shows the measured ultimate strength of loaded spruce plates of the
geometry of Fig. 3. End distance a = 1 in. (2.54 cm), 2 in. (5.08 cm) and 3 in.
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FiG. 10. Effect of hole spacing on the numerically predicted tangential stress at hole B for bolt-
loading at hole A only in Sitka spruce (a = 1 in., b= 1.5 in., t = 0.25 in., P = 800 Ib, P,/P, = 100/
00, R = 0.25 in., r/R = 0.924).

(7.62 cm), respectively. Hole A and hole B were bolt-loaded individually in the
percent load-ratios of P,/Py = 00/100 and P,/Py = 100/00, respectively. For a
< 2 in., strength is quite dependent on end distance. It is also very significant
which hole is loaded. The greater sensitivity to short end distances (a < 2 in. =
5.08 cm) for connector loading P,/P; = 100/00 is compatible with the stress
profiles of Figs. 7 through 9.

Three-member connectors of Douglas-fir were loaded to failure (Fig. 12). These
mechanical connectors were of the geometry of Figs. 2 and 3 with b= 1.5 in. (3.8
cm), ¢ = 2 in. (5.08 c¢cm), hole radius R = 0.25 in. (0.635 cm) and bolt-to-hole
ratio r/R = 0.924. End distances were a = 1 in. (2.54 cm) and a = 2 in. (5.08
cm), and central-member thickness t = %2 in. (1.27 cm) and t = 1.5 in. (3.8 cm),
respectively. In all cases, the Douglas-fir side members each had a thickness equal
to t/2. Regular mild-steel bolts were employed. Flat washers were used on both
sides and the nuts were thumb tightened. During specimen preparation, the three
members of a double-bolted assembly were drilled as a unit to ensure hole align-
ment such that both bolts would contact the wood simultaneously when loading
the component. Because both the central member and side members of a particular
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FiGc. 11. Measured ultimate strength of Sitka spruce at P,/Py = 00/100 and 100/00 and for various
end distances (b = 1.5in,, ¢ = 2 in,, t = R = 0.25 in., /R = 0.924).

joint had identical end-distance a, and because the total thickness of the two side
members equals that of the central member, the two bolts of such a fastener
should, theoretically, load equally. Test results of these three-member, double-
fastener bolted joints are contained in Table 3, as are the data of Fig. 11 for some
Sitka-spruce tensile plates (t = 0.25 in., b = 1.5 in.) loaded through only one of
the two holes (R = 0.250 in. and r/R = 0.924). The Douglas-fir data of each case
of Table 3 represent the results of at least five specimens.
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FiG. 12. Full-scale testing of double-bolted, three-member Douglas-fir mechanical fasteners (b =
1.51in.,, ¢ = 2in.,, R = 0.25 in., r/R = 0.924).

The National Design Specification for Wood Construction (National Forest
Products Assoc. 1986) manual recommends % = 8 in order that each bolt carry

its full loads; indeed, Fig. 11 indicates such occurs here. The measured strengths
of 2,578 1b and 4,950 1b of the three-member fir connectors at t = 1% in. of Table
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(a) Opening at free end

D

(b) Bearing failure

—~—~O——(C——7]

(c) Cracking and plug failure at free end
————""
(d) Crack and plug failure at interior hole

F1G. 13. Failure modes in Sitka spruce and Douglas-fir.

TABLE 3. Measured ultimate strength of three-member double-bolted connectors of Douglas-fir and
single plates of Sitka spruce (b = 1.5 in., ¢ = 2 in., R = 0.25 in., /R = 0.924).

Three-member fir joints

Single plates of Sitka spruce
PA/Pg = 50/50
t= Y in. t=1%in.
(Central Member Thickness) P,/Py = 100/00 P,/Py = 00/100
End distance, a Load SD* Load SD* t=0.25in.
1in, 920 1b 24.5 2,578 1b 268 247 1b 576 1b
2 in. - - 4,950 Ib 578 583 1b 583 1b
3in. — — - - 640 b 640 1b

* Standard deviation in pounds (minimum of five specimens each).
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Fi1G. 14. Photograph of failure of three-member double-bolted mechanical fastener in Douglas-fir
(@=2in,b=15in,c=21in,R =0.251in, r/R = 0.924, t = 0.5 in., P,/Py = 50/50).

3 well exceed the recommended design value of 2 x 940 = 1,880 1b. This is
. a . a

despite the fact — < 8, which is well below the value of R = 14 recommended

for softwoods by the National Design Specifications.

TABLE 4. Total loads (Pg/P,y) in pounds at which initial failure is predicted numerically by different

Jailure theories for two end distances (a = 1 in. and 2 in.) in Sitka spruce and Douglas fir at P,/P, =
50/50 under pin A (P,;) and pin B (Py); ¢ = 2in., b= 1.5in, R = 0.25 in., r/R = 0.924.

Tsai-Hill Tsai-Wu Cowin

Douglas-fir* (Based on main member thickness of t = % in.)

a=1in. 80/80 80/80 80/80

a=2in. 80/80 80/80 80/80
Sitka spruce (t = Y% in.)

a=1in. 100/80 100/80 100/80

a=2in. 80/100 80/100 50/100

* Correspond to three-member double-bolted fasteners of Table 3.
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TABLE 5. Numerically predicted load to initiate failure in multiple fastener of Sitka spruce under P,/
P,=100/00 (a=3in,b=15in,c=2in, R=t=0.25in,r/R=0.924).

Criterion Total load (Ib)
Tsai-Hill 50
Tsai-Wu 40
Cowin 50

Some typical failure modes that occurred during testing of the Douglas-fir and
Sitka-spruce specimens of Table 3 are shown in Fig. 13. Most of the double-
bolted wood joints failed according to Figs. 13(c) or 13(d). However, some bearing
failures were exhibited for longer end distances, (Fig. 13(b)). Initial damage was
normally observed by about 10-25% of ultimate load. Wood members having
end distance a = 1 in. (2.54 ¢cm) often failed by opening at the free end (Fig. 13(a)).
Failure of the type shown in Fig. 13(a) was not observed for end distances a = 2
in. Figure 14 is a photograph of failure in a failed member of one of the three-
member Douglas-fir connectors.

Predicted damage and failure

The failure criteria discussed previously were combined with the numerical
stress analysis to predict the type of initial failure and the load at which that
occurs. In this case the wood was assumed to respond linear-elastically to failure.
Table 4 contains the predicted loads at the initiation of failure for different end
distances, load ratio P,/Ps = 50/50 and for two different materials (Douglas-fir
and Sitka spruce). All predicted failure loads are based on t = 0.25 in. (0.635 cm).
During incremental numerical loading of a connector, the strength theories were
evaluated at each load step along hole boundaries AC and A'C’ and lines AB and
A'B’ of Fig. 3.

Table 4 contains the loads (Pg/P4r) at which initial failure was predicted nu-
merically by the different strength theories based on the wood material properties
of Table 1. All failures of Table 4 are predicted to start immediately beneath a
loaded bolt. Py represents the total specimen load during initial failure at hole
B, whereas P, represents the total specimen load at initial failure at hole A. For
Douglas-fir, initial damage is predicted at 10 to 20% of the total ultimate strength
of the three-member connectors of Table 3. Initial damage of the full-size three-
member connectors was frequently audible and/or visible by 25% of ultimate
load.

Damage is predicted to initiate at a single or several points at loads considerably
below the measured ultimate strength. The spruce plates (t = 0.25 in., b = 1.5

TABLE 6. Numerically predicted extend of progress of failure along curve AC (=8, degrees) and line
AB at P =400 Ib in multiple fastener of Sitka spruce under P,/Py= 100/00 (a= 3 in, b= 1.5 in.,
c=2in, R=0.25in,r/R=10.924,t=0.25 in.).

Strength criterion Curve AC (+8) Line AB (x)
Tsai-Hill 19° 6.4 in.
Tsai-Wu 19° 6.4 in.

Cowin 19° 6.4 in.
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in., ¢ = 21in.,, R = 0.25 in., r/R = 0.924) of Table 3 with end distance a = 3 in.
(7.62 cm) failed at P = 640 pounds (2.8 kN) when loaded only by bolt A. Table
5 predicts the load to initiate damage for this case, while Table 6 predicts the
extent of damage of such a loaded Sitka-spruce plate for P, = 400 tbs (1780N).
Damage is predicted to initiate at point A (§ = 0, x = 6.25 in.), and Table 6
contains only the damage along the contacting surface AC (6) and its depth of
penetration along line AB from location A. Distance x is measured from the left
end of Fig. 3. Data of Table 6 must be interpreted cautiously since no progressive
wood damage is accounted for numerically once failure is predicted to initiate.
Additional results on bolted joints in wood, including use of additional failure
criteria, are described by Rahman (1981) and Chiang (1983).

SUMMARY, CONCLUSIONS AND DISCUSSION

Stress and strength analyses of single- and double-bolted mechanical connectors
in Douglas-fir and Sitka spruce have been determined numerically and experi-
mentally. Stresses are predicted using finite-elements and are measured by moiré
and strain gages. Tsai-Hill, Tsai-Wu and Cowin strength criteria are combined
with the stress analysis to predict initial connector failure. The study accounts for
the effects of end-distance, bolt-spacing, bolt-clearance, member-thickness, fric-
tion (sliding and fixation), and distribution of the loading between bolts. Nonlinear
wood properties reduce the contact normal stress by 20% relative to that based
on linear elasticity. Full-scale Douglas-fir connectors were tested to failure.

Component failure is predicted to initiate at 10-25% of the ultimate strength.
This correlates with the physically observed and/or audible initiation of damage.
Failure is predicted here always to initiate immediately below a contacting bolt.
For a/R < 8, structural strength is highly influenced by transverse tensile stress
at the far end of the wood beneath the end bolt. This is accompanied by relatively
low connector strength. Stress distributions in a double-bolted fastener are affected
by load distribution among the bolts. Indeed, connector strength is highly influ-

. a ..
enced by load distribution between the bolts for R = 8. The limited results here

suggest the nominal stress at ultimate failure is not dependent on member thick-
ness, but this warrants further investigation. Other things being equal, and pro-
vided the bolts are not too close together, a double-bolted fastener is appreciably
stronger than a single-bolted fastener. However, the magnitude of the contact
stresses does not decrease proportionally to the number of bolts used.

The present results, together with those of the other references cited, suggest

e a . .
that one should minimize the bolt clearance, R = 10 is probably adequate in

a . .
many cases rather than the R = 14 of The National Design Specification for Wood

Construction (National Forest Products Assoc 1986), and it can be important to
strive toward equal loading among the bolts of a multiple-bolt connector. The

T . . . a
practicality of using connectors having end-distance R < 14 also tends to be

supported by recent results of Patton-Mallory (1988a).
The bolts were assumed to be rigid and hence nondeformable. However, the
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full-scale physical testing of double-bolted three-member mechanical fasteners
did consider members of different thicknesses, i.e., three-dimensional effects. If
a bolt bends (such as in Fig. 1), the stresses in the wood will become three-
dimensional and this could affect the type of failure. Rigorous pursuit of such a
situation would necessitate a 3-D stress analysis, and a 3-D strength (failure)
criterion. This implies the need for 3-D constitutive and strength wood properties,
i.e., constitutive and strength in the thickness direction (in the bolt direction). To
date most strength criteria have been applied only in the plane.
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