
2.0  LITERATURE REVIEW  
 
 

 
 
2.1  General 

 

Splitting of wood phenomenon in connections can be partially explained with fracture 

mechanics, which began in the early 1900’s.  Significant work has been accomplished in 

this area, though most of the study was devoted to materials other than wood.  Other 

modes of mechanical joints’ wood failure include fastener yielding and wood crushing 

beneath the fastener head, shank and threaded portion.  Failure mode depends primarily 

on material properties, geometry of the connection and load (Lau, 1990). 

 

Tension stresses (parallel-to-grain and perpendicular-to-grain) are of primary importance 

in this work.  As a fastener in a connection is loaded in shear parallel to the grain, 

perpendicular-to-grain stresses are developed at or near the fastener location and failure is 

manifested in crack development along the weak plane.  Wood contains inherent and 

man-made flaws (stress risers), as checks, shakes, splits, knots, resin pockets, notches or 

holes, which directly influence joint/material strength (Samarasinghe and Kulasiri, 1999).  

Tensile strength perpendicular-to-grain is sensitive to stress concentrations, particularly at 

crack tips (Wood Engineering and Construction Handbook, 1999).  Tension 

perpendicular-to-grain stresses will often be generated at or near the fasteners (Madsen, 

2000).  Because joint failure through crack propagation can occur at relatively low loads, 

careful connection detailing should minimize situations producing these stresses. 

 

Linear elastic fracture mechanics (LEFM) was developed for analyzing brittle materials 

with pre-existing cracks.  Due to it viscoelastic nature (strength affected by strain rate, 

temperature and moisture content) and microstructure, wood is not ideally brittle.  

However, Porter (1964) thought that cracks in wood could be assessed with the use of 

fracture mechanics. 
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While a rational understanding of the nuances of fracture mechanics in wood is clearly 

needed, synthesis in the way of relatively simple equations for its use by engineers and 

designers is necessary (Patton-Mallory and Cramer, 1987).  However, according to Zahn 

(1991), with all the relevant variables related to fracture, it is not an easy task to obtain 

rather simplistic equations.  In the interest of simplicity, to aid the end user, researchers 

must identify those variables, which contribute significantly to joint strength.  Kanninen 

et al. (1977) described the need to understand the proper application of fracture 

mechanics, which included consideration of the loading, structure geometry and 

properties, microstructural consequence, and environmental issues. 

 

2.2  Orthotropic/Anisotropic Behavior 

 

Wood is a heterogeneous anisotropic (ideally orthotropic) building material that has been 

modeled in the past as being homogeneous or transversely isotropic.  

Anisotropic/orthotropic behavior is not equivalent to isotropic behavior, and, as such, 

wood should be treated in a different manner than that of an ideally isotropic material, 

such as steel or glass.  Mechanical and morphological properties of wood are much 

different depending on the material axis of interest – one axis is quite different than the 

other two major material axes.  Stress concentrations are also much different than those 

found with more isotropic materials, which makes wood susceptible to quasi-brittle 

fracture. 

 

Steel is idealized as an isotropic ductile material.  When a fastener hole is crack-free, 

stress concentrations can easily redistribute, as steel in highly stressed areas yield 

(Salmon and Johnson, 1980; Plumier, 1994). 

 

Wood, to the contrary, is relatively brittle and orthotropic in the idealized case (Patton-

Mallory, 1996).  Douglas-fir, for instance, is highly orthotropic, as Ex/Ey is approximately 

25, where Ex is with respect to parallel-to-grain and Ey is with respect to perpendicular-to-

grain.  Due to the inherent geometry of wood ultrastructure (generally unidirectional 
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fibers), orthotropic conditions cause stress concentrations, which cannot be easily 

redistributed as local areas yield. 

One of the limit states for bolted joints is shear or tension rupture/yielding at the net 

section.  Steel has more of a ductile failure, while wood is much more brittle (Patton-

Mallory, 1996).  Because tensile strength parallel-to-grain is on the order of 50 times that 

of perpendicular-to-grain, tension parallel-to-grain failure is not as critical a concern as is 

tension perpendicular-to-grain failure (Forest Products Laboratory, 1987). 

 

Though wood is not an ideally brittle material, Atack et al. (1961) were the first to 

implement LEFM for wood cracks.  Substantial wood research ensued that is well-

summarized by Patton-Mallory and Cramer (1987).  No test standard exists to establish 

fracture mechanics properties of wood.  Therefore, test standards used for other materials, 

such as metals and plastics, have been applied to wood, though wood is entirely different 

in its structure than either material (Bostrom, 1990). Wood is not ideally orthotropic; 

instead, it is cylindrically anisotropic material with three principle elastic directions – 

longitudinal, radial and tangential (Tan et al., 1995). 

 

Fiber shape, size and arrangement, ray cells, and spring (early) and summer (late) wood 

make wood anisotropic with large differences in mechanical properties parallel-to- and 

perpendicular-to-grain (Jenkins, 1920; Price, 1928; Markwardt and Wilson, 1935).  For 

instance, stiffness varies by a factor of four within an annual (growth) ring (Bodig and 

Jayne, 1982).   

 

The linear-elastic assumption of LEFM is only valid for wood loaded in parallel-to-grain 

compression less than 75-80% of the embedment strength (Hilson, 1969; Hasebe and 

Usuki, 1989; Hu, 1990).  Beyond the elastic range, nonlinear behavior, such as local and 

gross buckling of cells, is evident (Hilson, 1969). 

 

Wood’s anisotropy influences natural cleavage planes to form and propagate.  

Longitudinal-radial (TL fracture) and longitudinal-tangential (RL fracture) planes are 
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natural cleavage planes.  Because it is particularly difficult to produce crack propagation 

across grain, other planes are not natural cleavage planes (Barrett, 1981). 

 

Though wood is anisotropic, orthotropic at best, providing the crack is aligned with one 

of the three ideally orthogonal axes, it is commonly held that LEFM with the isotropic 

solution will yield tolerable results.  However, in the viable case of load direction slightly 

different than grain direction, substantial strength reduction occurs due to the anisotropy 

(Bodig and Jayne, 1982). 

 

Lekhnitskii et al. (1968) found that the response of an orthotropic plate to a normal 

uniform pressure applied along the circular-shaped hole edges, is quite different from that 

of an isotropic material.   For orthotropic plates, due to an intricate principle, the 

distribution of the stress σθ is not uniform along the hole perimeter, and the stress 

magnitude will be greater in one principal direction than the other. The stress distribution 

changes as a function of θ, the angle of the direction of interest from the positive 

direction of the x-axis, taken in a counterclockwise direction: 
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where, 

σθ = normal stress in the θ-direction (psi) 

Eθ = Young’s modulus in the θ-direction (psi) 

E1 = Young’s modulus along principal material x-axis (psi) 

E2 = Young’s modulus along principal material y-axis (psi) 

q = pressure per unit area (psi) 

k = -µ1µ2 = 21 EE                                                                                           (2.2) 

µ1 = complex parameter 

µ2 = complex parameter 
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Lekhnitskii et al. (1968) also indicate, when subjected to a deformation, a circular-shaped 

opening of an orthotropic plate will take on the shape of an ellipse, and the semi-axes 

(along θ = π/4, 3π/4, 5π/4 and 7π/4) stress magnitudes are equal: 
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where, 

a’ and b’ are semi-axes π/4 from the principal material axes 

n = -i(µ1+µ2)                                                                                                       (2.5) 

i = imaginary number 

ν1 = Poisson’s ratio in the along the principal material x-axis 

a = magnitude of the stress along the principal material x-axis (psi) 

 

As shown, wood is a heterogeneous anisotropic (ideally orthotropic) building material, 

which requires special treatment in stress analyses and design of connections. A complete 

understanding of woods’ anisotropic behavior will aid in the development of tools, which 

can be implemented in wood design. 

 

2.3  Lateral Loading of Dowels 

 

Lateral loading of a dowel is simply loading a doweled connection perpendicular to the 

dowel’s longitudinal axis along one of the primary axes of the main member.  Several 

factors significantly impact lateral load design, including dowel embedment, dowel 

bending strength, dowel head fixity, tension in the dowel, withdrawal resistance, dowel 

and side plate hole diameter, dowel penetration, side plate thickness and type (wood 

product or steel), dowel spacing and end and edge distance, and wood and dowel 
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mechanical properties.  Because this work concerns itself with lag screw connections, 

such connections will be the main thrust of this section. 

 

Newlin and Gahagan (1938) were the first to perform any significant testing of lateral and 

withdrawal testing of lag screws.  Instead of using a nut (in a bolted connection), lag 

screws resist the tendency to withdraw when threads bearing against the wood between 

the lag screw threads apply lateral load – it was noted that sufficient depth of penetration 

was required to resist the withdrawal tendency.  Thick (1/2 in.) steel side plates were used 

for the connections that had steel side plates.  These relatively thick side plates affected 

the results, as will be seen later, as the lag screw heads are essentially fixed due to the 

lack of plate bending.  This has the tendency to increase loads, given joint slip, 

particularly near capacity.  It was determined that by using steel side plates instead of 

wood side plates, the proportional limit was increased about 25%.  Newlin and Gahagan 

(1938) noted that the deformation of lag screws was dependent on “quality of the wood 

and of the metal in the screws, the thickness of the cleat (side member), and the extent of 

penetration of the shank portion into the block (main member).”  These are some of the 

main tenets of connection strength, which are still held today. 

 

With respect to mode of failure, Newlin and Gahagan (1938) observed that a thick side 

plate tended to cause double bends, whereas a relatively thin side plate caused a single 

bend in the dowel; additionally, shanks, which extended sufficiently into the main 

member, bent at the shank, but, if shanks did not extend enough, bending occurred at the 

threaded portion.  In denser woods, they noted bends to be of smaller curvature. 

 

Lateral yield strength design for the NDS® (AF&PA, 1991a) is based on 5% offset yield, 

which was initially proposed by Harding and Fowkes (1988) and Patton-Mallory (1989) 

for use with bolted connections (McLain, 1992).  At present, all dowel connections are 

designed accordingly. 

 

Karacabeyli et al. (1998) found that a 1/4 in. thick steel side plate was adequate to 

provide fixity at glulam rivet heads, thereby causing plastic hinges to be formed just 
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below rivet heads.  Thinner side plates, on the other hand, are too flexible with no fixity 

at the rivet head and, therefore, no plastic hinging occurred near the rivet head.  This 

effect will cause a reduction in lateral load. 

 

In addition, Karacabeyli et al. (1998) noted, when lead holes (pilot holes due to 

predrilling) were used, the lateral load parallel-to-grain increased between 3% and 16%.  

It was observed that spruce-pine-fir (SPF) and hem-fir specimens ranged from 5% to 

25% lower in lateral capacity than tests conducted using Douglas-fir-larch. 

 

Accidental withdrawal is a concern when loading joints laterally.  To minimize this 

effect, it is necessary to embed the dowel sufficiently into the main member.  In design, if 

there is adequate penetration, then there is no reduction for withdrawal effect for the 

design load (McLain, 1992). 

 

To attempt simplification of the yield equations used in the 1991 NDS® (AF&PA, 1991a), 

McLain (1992) considered available test data provided from lag screw tests by Newlin 

and Gahagan (1938), Carroll (1988), and Tokuda et al. (1989a, 1989b). Test results from 

212 wood side plate connections and 89 steel side plate connections (15 by Newlin and 

Gahagan (1938), 50 by Carroll (1988), 12 each by Tokuda et al. (1989a) and Tokuda et 

al. (1989b)) (as reported by McLain (1992)) were examined.  McLain (1992) found 

general agreement in Yield Theory results overpredicting test results or actual connection 

behavior. 

 

McLain (1992) also found that a less snug lag screw head (1/16 in. oversized steel side 

plate) caused Mode III to first appear, followed by Mode IV as the loading approached 

capacity (refer to the “Yield Model” section).  He postulated, for connections with steel 

side plates, the bearing strength of the steel side plates could be decreased somewhat to 

account for this softening behavior.  Newlin and Gahagan (1938) used steel side plates 

with 1/32 in. oversized holes, while , as reported by McLain (1992), information on the 

tests by Tokuda (1989a, 1989b) did not mention the size of the steel side plate hole. 
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Because test loads were less than predicted loads per NDS® -91 (AF&PA, 1991a), 

McLain proposed the following modifications to the NDS® for laterally loaded lag 

screws: 
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where, 

Py = calculated yield load (lbf) 

t1 = cleat thickness (in.) 

D = nominal shank diameter (in.) 

Fe1, Fe2 = dowel bearing strength of cleat and block material, respectively (psi) 

b = Fe2/Fe1                                                                                                          (2.9) 

Fy = yield stress of lag screw or dowel (psi) 

 

An overall understanding of load-slip curves for threaded fasteners is required to attempt 

to interpret connection behavior.  In the paper by Theilen et al. (1997), such a process is 

described: 

 

1) After most the slack is taken up, wood begins to crush, 

2) If the fastener is small enough, a plastic hinge(s) forms along the shank in 

combination with yielding of the wood, and 

3) Upon achieving larger slips and deformation of the fastener, the threads begin 

to take hold and resist in withdrawal, thereby pulling side and main members 

together, which increases friction along the members as well as along the 

fastener and the adjacent wood. 
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As the bent fastener pulls the main and side member together (in single shear), the load-

slip curve will show an effective increase in joint stiffness due to frictional effects and 

tension in the fastener (Mack, 1966). 

As is obvious, numerous factors impact the design of doweled connections subjected to 

lateral loading. Prior to developing design equations, understanding of significantly 

applicable effects on doweled connections is necessary. 

 

2.4  Withdrawal Loading of Dowels 

 

A mechanical joint subjected to lateral loading is likely to experience fastener withdrawal 

in latter stages of loading.  Therefore, it is important to include commentary on 

withdrawal resistance of fasteners.  Significant contributors to the topic of withdrawal 

resistance in nails, lag screws and/or wood screws are Fairchild (1926), Cockrell (1933), 

Stern (1959), Larsen and Vagn Reestrup (1969), Carroll (1970), Eckelman (1975), 

Hoadley (1977), Carroll (1988), Hilson (1995), Wills et al. (1996), McLain (1997), and 

Rammer et al. (2001). 

 

Withdrawal of a screw is typified by friction at the screw-wood interface resisting the 

tendency of the screw to rotate to ease the withdrawal load (Carroll, 1988).  If excessive 

withdrawal resistance occurs, enough to overcome the frictional force, either the lag 

screw will fail in tension or the wood between the lag screw threads will fail due to the 

associated excessive shear, compression or bearing.  Hoadley (1977) found that a lag 

screw’s withdrawal resistance is typically fully developed at penetration of 10 to 12 times 

the shank diameter; also, it was determined that lag screws’ withdrawal resistance was 

about twice that for threaded nails. 

 

Hoadley (1977) observed, upon increase of load, bending occurred near the lag screw 

head, and wood crushed underneath the lag screw; however, near capacity, bending in the 

lag screw was such that axial tension in the lag screw tended to cause withdrawal 

resistance at the lag screw-to-wood interface.  This additional component had the effect 
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of increasing the applied load beyond that which would occur in the absence of a 

withdrawal component.   

 

Hoadley (1977) also indicated, in support of the observation by Larsen and Reestrup 

(1969), due to nail and lag screw bending, a withdrawal component was observed during 

lateral tests. Predominant failure mode, for these lateral tests, was fastener bending 

followed by lag screw and threaded nail pull-out.  In his experiments, Hoadley (1977) 

also noted lag screw head popping and shearing of the lag screw shank.  Hilson (1995) 

determined that the force along the inclined portion of the fastener has two components – 

parallel and perpendicular to the applied transverse (lateral) load.  The resistance 

component parallel to the lateral load direction increases the lateral capacity in Modes III 

and IV by as much as 10%. 

 

After Fairchild (1926) conducted tests on about 100 different screw sizes, he determined 

that holding strength of lag or wood screws in wood was closely related to specific 

gravity of wood, and, therefore, holding and shear strength are correlated.  Cockrell 

(1933), on the other hand, who did not perform as much testing as did Fairchild, indicated 

that shear strength is a better predictor of withdrawal strength than specific gravity.  

Additionally, shear strength is more consistent in its results than specific gravity 

(Eckelman, 1975). 

 

Fairchild (1926) also indicated, when a lead hole was omitted, withdrawal strength 

greatly diminished in wood of lesser density, and he recommended a lead hole size of 

50% of the root diameter at the threaded portion to be drilled along the threaded portion, 

for medium dense wood, a lead hole diameter of 70% was recommended, and for very 

dense wood, the lead hole size was recommended to be 90% (Carroll, 1988).  

Additionally, Fairchild (1926) found wood with slight pre-existing cracks to decrease 

withdrawal resistance about 10% to 25%.   

 

Cockrell (1933) found that “diffuse porous hardwoods, especially those of high density, 

and conifers of irregular growth and uneven texture, were stronger in screw holding 
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ability from the tangential surface while ring porous hardwoods and regular growth, even 

texture, softwoods were stronger from their radial surface”  (Carroll, 1988).  He also 

determined, after a lag screw is removed from its original position in the main member, it 

may be reinserted without a corresponding loss in withdrawal strength. 

 

A measure of the lag screw thread pitch is the inverse of the number of threads per inch.  

Threads resist withdrawal loads, and this resistance can be measured in a few ways:  

bearing, shear and compression (Carroll, 1988).  Typically withdrawal models are based 

on lag screw bearing against the wood.  Carroll (1970) found stripping of wood threads to 

occur after one full turn of the wrench beyond the point where the lag screw was in full 

contact with the side member.  Hoadley (1977) also found the lag screw heads could pop-

off due to overtightening; hence, researchers should be careful when turning lag screws, 

particularly when a steel side plate is used.  It is likely that some lag screws, still with 

heads, may have been damaged during the fabrication phase, thereby failing early during 

the loading phase. 

 

Threaded fasteners also have the advantage of not losing as much of the withdrawal 

resistance when conditioned in the environmental chamber.  Prior to actual tests, 

specimens must be fabricated.  Fabrication entails not only attaching the members 

together but also conditioning the wood components.  Prior to testing, wood should be 

conditioned to reach the desired moisture content, and, subsequent to lag screw 

installation, an additional minimum 14-day period should be allowed for relaxation of the 

wood fibers around the fastener.  As noted by Wills et al. (1996), during the relaxation 

period, the more brittle wood fibers, surrounding the smooth, fastener (e.g., nails) relax 

and lose contact with the fastener, such that the withdrawal capacity decreases as much as 

75% (AF&PA, 1991b); however, with threaded fasteners (e.g., lag screws and threaded 

nails), the threads lock into the wood fibers, thereby not allowing the wood to displace 

significantly from the screw root and, accordingly, no reduction in design values for 

withdrawal is required. 
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Immediate withdrawal from dry wood (MC 10%) was shown to be 50 percent higher than 

green wood (Cockrell, 1933).  This effect is minor when compared to moisture content’s 

effect on other strength properties (McLain, 1997). 

 

Axially loaded screws may fail due to withdrawal of the fastener threads from a wood 

main member, yielding/rupture of the fastener, or head pull-through of the fastener 

through the side member (McLain, 1997).  Using a stronger and/or larger diameter 

fastener may avoid tensile failure.  Head pull-through (bearing failure) may be alleviated 

by the use of washers or a thicker and/or stronger side member material (NFPA, 1986; 

McLain, 1997). 

 

Withdrawal resistance of screw-type fasteners does not appear to be affected by screw 

tips, and should not be considered in the determination of the length of the effective 

threaded portion embedded into the main member (McLain, 1997).  Tests by Eckelman 

(1975) showed evidence of this, when the results demonstrated that screws that were 

driven completely through the main member had about 16% greater withdrawal 

resistance than screws of the same size that were driven their full length into a deeper 

member. 

 

Fastener withdrawal strength is based on main member density, fastener diameter and 

penetration (McLain, 1997).  NDS®-91 (AF&PA, 1991a) suggests the following 

empirically-based equation for lag screws: 

 

Pmax = 7500D0.75G1.5lp                                            (2.10) 

 

where, 

Pmax = ultimate short term fastener withdrawal strength from side grain of wood 

(lbf) 

D = nominal fastener diameter (in.) 

G = specific gravity of the member holding the fastener point (oven-dry weight 

and volume basis) 
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lp = length of penetration of the threaded portion of the lag screw (not including

 tip) in the main member (in.) 

 

Fitting 372 data points by regression, McLain (1997) determined Pmax for lag screws to 

take on a different form as that used in the NDS® (AF&PA, 1991a): 

 

Pmax = 6759D0.61G1.35lp                                                (2.11) 

 

McLain’s equations are expected to differ little from that achieved from NDS®-91, 

however, somewhat different values are expected when using less dense species of wood 

in combination with smaller diameter lag screws. 

 

McLain (1997) noted the NDS®-91 (AF&PA, 1991a) withdrawal design value is 

calculated as 

 

W = 1.2Pmax/SF                                                           (2.12) 

 

where, 

W = nominal withdrawal design strength for reference conditions (lbf) 

1.2 = factor that adjusts short-term test strength for successful use and to a normal 

or 10-year duration of load 

SF = safety factor; 5.0 for lag screws 

Pmax = plGD 5.175.07500  for lag screws                                                           (2.13) 

 

After experimentation is completed and data reduced, statistical analyses should be 

performed to obtain means, standard deviations, coefficients of variation, p-values, etc; 

additionally, the distribution type should be determined.  As per Rammer et al. (2001), 

Skulteti et al. (1997), found the distribution for withdrawal strength to be Weibull or 

Lognormal.  Goodness-of-fit was obtained using Anderson-Darling, Chi-squared and 

Kolmogorov-Smirnov tests.  Additionally, using a 5% confidence level, the researchers 
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performed an Analysis of Variance (ANOVA) on variables using a linear model and 

Tukey’s Studentized range test for multiple hypothesis comparison. 

 

Withdrawal resistance effect can be a major contributor toward thelateral capacity as well 

as 5% offset yield.  Today’s design standards do not account for incidental withdrawal 

resistance during application of lateral load; hence, inclusion of withdrawal resistance 

into the codes is essential to adequately model lag screws’ behavior. 

 

2.5  Combined Loading 

 

When a lag screw wood joint is subjected to the combined effects of lateral and 

withdrawal loads, the connection must be designed to resist both components.  Over time, 

the NDS® went through several modifications in basic connection theory.  The basis of 

design equations for connections finally evolved from proportional limit to where it is 

today with 5% offset yield and a limit state design method called Load and Resistance 

Factor Design (LRFD). 

 

Prior to NDS®-91 (AF&PA, 1991a), an interaction equation between the two loading 

directions did not exist, and withdrawal (axial) and lateral loads were separately 

considered in design, with each load component checked against its design equation 

(McLain, 1984).   

 

Later, due to connection tests with lag screws, it was realized that there was, in fact, 

interaction at the proportional limit between these directional stresses, while other tests 

showed withdrawal resistance did not reduce lateral load at capacity.  Because 

withdrawal resistance is based on capacity, and lateral resistance was based on 

proportional limit, NDS®-91 became the first American code to consider withdrawal and 

lateral interaction (load at angle to the wood surface) of lag screws (AF&PA, 1991b).  

The allowable load equation (AF&PA, 1997) is similar in form to Hankinson’s formula: 
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where, 

α = angle between wood surface and direction of applied load (rad.) 

p = length of thread penetration in main member (in.) 

 

For values of α greater than 45o, design values are typically conservative (AF&PA, 

1991b). 

 

Hankinson’s formula was developed to provide an equation to describe the interaction 

between parallel-to-grain component of load and that for the perpendicular-to-grain 

component when subjected to a wood-crushing load at an angle other than 0o and 90o to 

the grain (Carroll, 1988).  From their tests, DeBonis and Bodig (1975) found their results 

to vary from that postulated by Hankinson’s formula by as much 70%; additionally, it 

was concluded that the relationship between angle and load was first order. 

 

To investigate combined loading, Carroll (1988) performed 50 connection tests using 

spruce-pine-fir (SPF) and southern pine main members with 1/2 in. thick steel side 

members (cleats).  Lag screw sizes were 3/8 in. x 6 in. (10 replications each species) and 

5/8 in. x 6 in. (15 replications each species).  Fasteners were randomly selected from 

larger samples of the same manufacturer.  Along threaded portions of lag screws, lead 

holes were 11/64 in. and 15/64 in. for SPF and southern pine, respectively, while, along 

shank portions of lag screws, holes about the same diameter as the shank were drilled.  

Load rate was 0.10 in./min.  Due to restrictions of the test apparatus, slips were limited to 

0.4 in. for 3/8 in. lag screws and 0.5 in. for 5/8 in. lag screws. 

 

Results indicated, at low load angles (0o to 22.5o), excessive deformation of lag screws 

precluded valid withdrawal load-slip curves, but lateral load-slip curves were obtained for 

all tests (Carroll, 1988).  It was shown that the Hankinson’s formula did not predict 

experimentally achieved proportional limit and capacity load well, as errors up to 39% 
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were noted.  It was also indicated that load angles between 0o to 45o and 67.5o to 90o 

displayed lateral-dominant and withdrawal-dominant behavior, respectively, but, between 

45o and 67.5o, neither withdrawal nor lateral dominated response was observed.  Hence, 

more information was necessary to develop a response equation for the behavior. 

 

Carroll (1988) and McLain and Carroll (1990) proposed the following formula for lag 

screw joints subjected to conditions where the applied load is oriented from 0o to 45o and 

67.5o to 90o from the main member’s surface: 

 

wPP ≤θθ sin  where oo 905.67 ≤≤ θ                                          (2.15) 

1cos PP ≤θθ  where oo 045 ≤≤θ                                             (2.16) 

 

where, 

Pθ = capacity for a joint loaded at an angle, θ, to the wood surface (lbf) 

Pw = joint capacity in withdrawal (lbf) 

Pl = joint capacity in lateral shear (lbf) 

 

With small load angles, from the pure lateral or pure withdrawal condition, allowable 

values for lateral loads and withdrawal loads may be used (McLain and Carroll, 1990).  

 

The importance of an interaction equation between combined lateral and withdrawal 

loading of a connection has been shown to properly model connection behavior.  Even in 

cases when loading is apparently only lateral, withdrawal resistance effects occur, which 

essentially cause the connection to be subjected to combined loading.  This effect should 

be addressed in future editions of the NDS® and other model codes. 

 

2.6  Joint Modeling and Failure Predictions 

 

Modeling of doweled joints has changed as more researchers have come forward with 

ingenious ideas to improve the previous model.  Many factors have affected the way in 

which models have been constructed, such as flaw distribution, size and geometry, 
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mechanical properties of wood (ideally, three orthogonal axes) and fastener, homogeneity 

vs. heterogeneity, linearity vs. nonlinearity to failure, isotropy vs. anisotropy/orthotropy, 

fracture criteria, 3-D vs 2-D analyses, plane stress vs. plane strain solutions, uniform vs. 

nonuniform application of stress, frictional effects due to dowel and foundation contact, 

friction between members, rotation of member during load application, fastener fixity 

condition, side and main member thickness, fastener aspect ratio, brittle vs. ductile 

behavior, behavior under conditions of tension, compression or shear, elastic vs. inelastic 

foundation analyses, dowel hole diameter,  size (volume) effect, morphological aspects of 

woods’ cell microstructure, duration of load effect, load application direction, woods’ 

inherent viscoelastic nature, moisture content effect, loading rate effect, temperature 

effect, combined load effect, and grain direction with respect to the load direction. 

 

Griffith was the first researcher to apply fracture mechanics in brittle materials using an 

energy solution.  Improvements upon Irwin’s original effort extended the use of fracture 

mechanics to other materials; however, a number of limitations and assumptions must be 

recognized prior to pursuing a study based on fracture mechanics (Pugel, 1986).  Models 

are geometric, discounting the true physical behavior of the material in terms of failure 

characteristics (Boyd, 1972).  Models are two-dimensional, not accounting for the three-

dimensional nature of the real problem (Boatright and Garrett 1980).  Additional 

assumptions are continuity and homogeneity of material.  G, the strain energy release 

rate, is described only at the instant of crack initiation (Lawn and Wilshaw 1975).  

Temperature, load duration and moisture content are not explicitly accounted for in the 

resolution of K, the stress intensity factor. 

 

For purposes of design, three problems exist that have limited the greater use of fracture 

mechanics (Wu, 1963; Shah, 1974; Pugel, 1986): 

1) Flaw distribution and geometry are unknown, 

2) Critical stress intensity is a function of an unknown flaw size, which is 

dependent upon size of the plastic (inelastic) zone ahead of the crack tip, and 

3) A fracture criterion for different modes of failure for different material types 

is not established 
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Assumptions of homogeneity, linearity to failure and continuity are not traits assigned to 

wood (Pugel, 1986).  The structure of wood is not homogeneous as evidenced by an array 

of features, which make wood more of a heterogeneous material.  Linearity to failure is 

not the rule in wood fracture unless loading is in shear, at a rather rapid rate, 

perpendicular-to-grain. 

 

In many instances, only two dimensions are required to conduct an analysis, which yields 

acceptable results.  Because magnitudes and variations of stresses and strains are so small 

in one direction, a 3-D analysis is usually inconsequential and wasteful (Jayne and Hunt, 

1969).  A 2-D analysis may be one of plane strain or plane stress.  An example for plane 

strain is a body that extends along one primary axis and has boundary loads applied 

perpendicular to this axis.  The resulting stress in the longitudinal direction is not zero, 

while the strain in the longitudinal direction is equal to zero.  On the other hand, plane 

stress bodies extend primarily along two axes with boundary loads applied in the same 

plane.  The resulting out-of-plane stress is zero, while the out-of-plan strain is not equal 

to zero. 

 

Modeling of connections with mechanical fasteners, such as bolts and lag screws, should 

account for the nonuniform application of stress to wood member thickness, in part, due 

to the contact problem, including friction, and fastener aspect ratio.  This and the natural 

anisotropy and quasi-brittleness in tension and shear of wood, and stress concentrations 

require much information prior to conducting an adequate fastener and wood fracture 

analysis (Patton-Mallory, 1996).  

 

The “beam-on-foundation” method of analysis has been used in the study of bolts and 

wood.  Patton-Mallory (1996) notes the assumptions made when using beam-on-

foundation type models include the following (Smith, 1982a; McLain and Thangjitham, 

1983): 

1) Winkler type foundation (ignores shear strain) 

2) tight fit of fastener in hole 

3) absence of friction between members 
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4) no friction at the bolt/wood interface 

5) small displacement theory 

6) failure is solely due to wood crushing at the bolt (no cracks in wood) 

7) homogeneous material properties through the thickness 

8) no rotation of connection during load application 

9) bolt ends may rotate freely 

 

Several researches have attempted to apply elastic foundation analysis to bolted wood 

joint problems (Noren, 1951, 1974; Kuenzi, 1955; Stluka, 1960; Hirai and Sawada, 

1982a, 1982b, 1982c, 1982d).  Larsen (1975) and Smith (1982a) noted shortcomings of 

the beam-on-foundation problems, of which the primary inadequacy was the limited use 

of the model for the linear elastic region (Patton-Mallory, 1996).  Behavior of bolted 

connections is typically nonlinear, even at low loads, thus making elastic foundation 

analysis somewhat limited. 

 

Wood is idealized as a 3-D, homogeneous, orthotropic material (Patton-Mallory, 1996).  

Wood however is not homogeneous nor ideally orthotropic (due to growth ring curvature 

at the very least).  Wood is instead heterogeneous.  Transverse isotropy, which assumes 

equal mechanical properties in both the radial and tangential directions, has been used as 

a given by engineers/designers (Smith, 1982b).  This direction is generically referred to 

as the all-encompassing “perpendicular to the grain”, which is the other direction, in 

addition to the “parallel to the grain” direction, which has strength and stiffness values 

reported in the National Design Standard for Wood Construction (NDS®) (AF&PA, 

1991a).  Mechanical properties in the radial and tangential directions are somewhat 

different; however, this is quite small in contrast to the 50:1 and 20:1 ratios of parallel- 

and the perpendicular-to-grain strengths and stiffness, respectively, for wood in tension 

(Forest Products Lab, 1987). 

 

Though wood is not a continuum, it is often modeled as such; however, given the size of 

a cell or growth ring, it is possible for the condition of a “limited” continuum to be 

approached (Patton-Mallory, 1996).   
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Behavior of wood during rather short-term tests (measured in minutes) can be adequately 

described as linear elastic for tension parallel-to-grain, tension perpendicular-to-grain, 

and shear (Patton-Mallory, 1996).  In reality, wood behavior is considered viscoelastic, 

being dependent upon time, loading rate, temperature and moisture content; hence, 

testing of wood is performed under conditions of controlled temperature, moisture 

contents (usually about 12%) and loading rates, depending on the type of test. 

 

Due to wood’s drying process and chainlike polymeric structure, wood exhibits load rate 

dependent and volume dependent strength properties (Desch, 1981; Bodig and Jayne, 

1982; Patton-Mallory, 1996).  In-service loads for wood are often considered long-term 

loads.  This longer period of loading has the large effect (adjustment factor) of reducing 

the loads that a structure, member or joint can sustain with respect to strength and 

serviceability criteria (NFPA, 1986; Forest Products Lab, 1987). 

 

For anisotropic brittle materials, the most used failure criterion is maximum normal 

stress, which, by incorporating the use of a stress tensor, holds that the material will fail 

when stresses in the controlling principal material direction exceed the material’s strength 

in that direction (Patton-Mallory, 1996).  This failure criterion, which assumes no 

interaction of primary stresses, has been used with wood to adequately predict crack 

initiation due to shear stress or tension perpendicular-to-grain (Cramer and Goodman, 

1986; Zanbergs and Smith, 1988; Cramer and McDonald, 1989; Stahl et al., 1990; Hu, 

1990; Patton-Mallory, 1996). 

 

Alternately, Hankinson’s formula (Hankinson, 1921), a combined stress relationship, is 

used in the wood design codes for determining connection strength when loading is at an 

angle to the grain (AF&PA, 1991a).  Additionally, another criterion developed by 

Woodward and Minor (1988), which predicted strength better than Hankinson’s formula, 

was a hyperbolic function to calculate off-axis tensile strength of wood.  When dominant 

cracks are present (high stress concentration at crack tips), simple combined stress failure 

criterion is inadequate, and LEFM was developed for such cases (Patton-Mallory, 1996). 
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Small deviations from perfect grain alignment may result in significant material property 

modifications (Patton-Mallory et al., 1997a).  Woodward and Minor (1988) showed that 

an 84% decrease of parallel-to-grain tensile strength of Douglas-fir occurred simply by 

changing the load angle from 0o to 15o; hence, grain direction and absence of defects as 

assumed by typical models must be considered when judging against experimental 

results. 

 

In modeling joint behavior, factors, which contribute significantly, must be determined 

through testing and other means, such as finite element modeling (FEM) and related 

numerical methods.  The use of only major contributors to the model will result in more 

efficient, readily understandable and useable equations, which can then be implemented 

by practitioners in the design of members and structures.   

 

2.7  Yield Model (YM) 

 

Design methodology has evolved over many years.  In the beginning, design was based 

on experimental work by Trayer (1932) and others.  Later, design was founded on the 

proportional limit, which was based on a slip limit.  Although several researchers, made 

some exacting modifications, at the present time, connection design is based on the 

original work (Yield Model) of Johansen (1949) for rigid-plastic behavior of single 

dowels.   In the past few years, LRFD methodology (still based on Johansen’s work) has 

come to fruition.  Likewise, in the United States, Europe and Canada, the Yield Model is 

used in connection design.   Though LRFD is used much less than NDS®-1997 (AF&PA, 

1997a), which is the primary design code used in the United States, it still has several 

shortcomings that are identical to those related to LRFD.  These shortcomings are 

primarily with incidental combined loading, whereupon lateral loading subsequently 

induces withdrawal loading due to bending of the fastener. 

 

Prior to the introduction of the 1991 NDS® (AF&PA, 1991a), connection design was 

based on an empirically determined slip at proportional limit, as well as the wood’s 

density and diameter of fastener.  This slip limit was established at 0.015 in., however, 
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limited sizes and types of fasteners were used in this determination.  Because different 

sizes and types of fasteners affect load-slip curves differently, this value is not 

representative of all fastener sizes and types (Winistorfer, 1992).  As a result, allowable 

design values were unreliable and efficiencies were lost in its application. 

 

Due to this inability to establish consistent design values, the search for a consistent and 

logical design methodology was undertaken.  In the 1940s, a simple method was brought 

forth – Yield Theory (YT). 

 

Yield Theory has been used widely in connection design and continues to be the 

predominant method of strength prediction, not failure prediction.  Initially, theoretically 

based Yield Models were developed by Johansson (1949) for bolted joints (McLain, 

1992).  McLain and Thangjitham (1983), Aune and Patton-Mallory (1986), Soltis et al. 

(1986), Soltis and Wilkinson (1987), and Hilson et al. (1990), among numerous others, 

including Moller (1951) as reported by other researchers, confirmed the model.  The joint 

geometry-based model is based on (1) for Modes I and II, bearing strength of the wood 

beneath the dowel, or (2) for Modes III and IV, a combination of the development of 

bearing strength of wood beneath the dowel and one or more plastic hinges developing in 

the dowel  (Hilson, 1995).  The level of dowel bearing is less than that required to 

develop full bearing strength of wood (Modes III and IV).  The four modes for a single 

shear plane and steel side plates are as follows: 

 

 Mode I: only crushing of wood in one member 

 Mode II: crushing of wood in both side and main members 

Mode III: localized crushing of wood in at least one member and formation 

of one plastic hinge in the fastener 

Mode IV: localized crushing of wood in at least one member and formation 

of two plastic hinges in the fastener 

 

The primary yield modes are shown in Figure 2.1.  Note that Yield Modes Is and IIIs are 

not shown; because these modes of yielding are not likely while using a side plate at least 
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1/4 in. thick, provided the root diameter is no larger than the side plate thickness.  The 

subscript “s” indicates the connection member of interest is the side member.  Also, the 

subscript “m” indicates the connection member of interest is the main member (contains 

tip of lag screw). 

 

For steel side plate connections using thick plates, Mode II is generally prohibited due to 

the much greater bearing strength of the steel compared to that of the wood main 

member.  Additionally, this phenomenon occurs when fastener head fixity is introduced  

into the connection with the use of a very small overdrill of the side plates.  On the other 

 

Figure 2.1:  Primary yield modes for lag screw connections with steel side plates 

 

hand, when larger holes in side plates are used, the fastener head then becomes more 

mobile during loading, thereby allowing the lower modes, such as Mode II.  It is also of 

interest to note, for a relatively thin (usually less than 1/4 in.) steel side plate and wood 

main member, due to the flexibility of the steel plate, two plastic hinges per shear plane 

are not likely (Blass et al., 1999). 

 

One glaring shortcoming of YT, among others, is the assumption of crack absence and 

nonbrittle failure; in the presence of dominant cracks, primarily due to perpendicular-to-

grain tensile and shear stresses, fracture mechanics can be used to predict failure of the 

 

M ode Im M ode II 

M ode IIIm M ode IV
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connection.  The theory also specifically excludes gaps between members and effects 

from axial tension and related withdrawal resistance as well as friction between adjacent 

members due to assumed nominal pretension at the fastener head and between fastener 

and members due to assumed perfect fit (Hilson, 1995).  In design, it is acceptable to 

exclude fastener friction and axial load effects, because these increase the effective load 

resistance, and to exclude the effects would be a conservative practice (Aune and Patton-

Mallory, 1986).  Keenan et al. (1982) found the lateral load increased as much as 30% 

due to these additional frictional effects for nailed connections.  Additionally, YT does 

not predict slip at varied load conditions or address movement at the head of the fastener 

due to lack of perfect fit (McLain and Thangjitham, 1983).  Lastly, it does not address 

serviceability considerations, such as slip and other slip related aspects such as 

connection initial stiffness, energy dissipation and ductility, which are extremely 

important in the design of connections and structures (McLain, 1992; Heine, 2001; Smith 

and Foliente, 2002). 

 

Additionally, fastener aspect ratio is a critical aspect of the theory with respect to joint 

bearing strength. Hence, the bearing strength determined for a smaller diameter dowel 

may be used for a larger diameter dowel providing fastener aspect ratio is similar (Soltis 

et al., 1986; Heine, 2001).  Again, this is based on the condition of the absence of classic 

brittle failure, such as splitting, block shear (plug shear), bearing/tearout, bolt rupture, or 

net section rupture (shear or tension). 

 

Nailed joint tests in Sweden, referred to as “Nordtest” method tests (Nordtest, 1981a, b, c 

and d), were loaded with nail heads intentionally left above the specimen so that fastener 

axial tension and withdrawal resistance would be minimized.  Other tests, in accordance 

with ASTM D 1761-88:  Standard Test Methods for Mechanical Fasteners in Wood 

(ASTM, 1999c), conducted by Aune and Patton-Mallory (1986), included nail head fixity 

and friction, showed ASTM values were about 50% higher than Nordtest values at 

equivalent joint slips.  It was concluded the nail head effect increased friction, which 

thereby increased capacity.  
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Because wood generally is not a linear elastic material, “beam-on-elastic foundation” 

analyses are somewhat limited.  YT (Johansen, 1949) considers a pure “beam-on-plastic 

foundation” analysis.  The theory assumes the dowel crushes wood with a uniform stress 

distribution well beyond the proportional limit; therefore, YT is somewhat limited, 

because fastener slip is not exactly modeled (Heine, 2001).  

 

McLain and Thangjitham (1983), Aune and Patton-Mallory (1986), and Soltis et al. 

(1986) applied YT to nails and bolts in wood.  Eventually, yield equations were adopted 

into the 1991 edition of the NDS® (Heine, 2001).  YT is the basis for the determination of 

allowable lateral design values for dowels, such as bolts, nails, spikes, lag screws, wood 

screws, and timber rivets (AF&PA, 1997).  Prior to this allowable strength values were 

based on empirical equations (Rammer and Winistorfer, 2001).  Later, the 1996 Load and 

Resistance Factor Design for Engineered Wood Construction (LRFD) adopted the yield 

model for its laterally loaded connections (ASCE, 1996). 

 

In numerous applications, steel connector plates are used to help connect wood 

assemblies.  It is of interest to note that Hilson (1995) observed plastic hinging occurring 

at the steel-wood interface for yield Modes III and IV, thereby creating an opportunity to 

derive yet additional reduced Yield Theory equations.  This phenomenon occurred when 

a rather thick steel plate (at least the diameter of the fastener) was used, while for a thin 

plate, (less than half the dowel diameter per Eurocode 5 (ENV, 1994) the low rotational 

resistance in the side plate cannot develop a plastic hinge in the fastener (Hilson, 1995). 

 

Yield Theory has proven to simplify the design of connections, thereby making it more 

acceptable to the practitioner community.  Yield Theory, however, has several 

shortcomings, and further investigations will help to add to its overall understanding.  

One primary shortcoming is its lack of inclusion of dowel withdrawal effects imposed by 

dowel bending.  In either case, the Yield Theory, as originated by Johansen in 1949, has 

proven to be a godsend to engineers/designers. 
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2.8  Aune’s Yield Equations 

 

After Johansen’s introduction, European Yield Theory was not accepted in its entirety by 

latter researchers.  Instead, it was modified to suit a particular purpose, such as for use in 

ultimate load design, as developed by Aune and Patton-Mallory (1986) and Aune (1993).  

Additionally, these two researchers considered dowel head fixity and the different parts 

of lag screws and wood screws, to include shank and root diameter. 

 

Aune and Patton-Mallory (1986) and Aune (1993) developed yield equations, which 

could be used in ultimate load design.  The model assumes plastic yield for wood and 

fastener, no limitation on joint slip/deformation, no friction between members, and end 

distance and spacing between fasteners is not critical.  Additionally, the different 

diameters of the shank and net diameter at the threaded portion were considered.  

 

FuIII  = yhdMf2  for 222 +≥
γ

t                                       (2.17) 

 

FuIV  =  yhdMf22  for 42 >
γ

t                                     (2.18) 

 

where, 

d = nail diameter (in.) 

fh = wood embedding strength (psi) 

My = nail yield moment (in-lbf) 

γ = My/fhd                                                                                                         (2.19) 

t2 = thickness of main member (in.) 

 

Aune (1993) provided a commentary, which discussed the required adjustments to use 

these equations for screw connections.  It was expected that screwed connections would 

yield a capacity about 20% less than that achieved with a nailed connection of similar 
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geometry, and whose diameter is the same as a screw’s shank.  To address fasteners with 

screws, the following adjustments were provided: 

 

1) Shank diameter = d 

2) Root diameter at threads = 0.75d 

3) Shank yield moment = My 

4) Threaded portion yield moment = My(0.75)3 = 0.42My 

 

Nail head fixity is typical of Mode IV yield, as a plastic hinge forms near the nail head.  

This fixity is particularly important when using steel side plates, which provide a good 

stiff surface upon which the nail head can bear.  This surface provides a relatively rigid 

support, upon which a plastic hinge can form.  Aune and Patton-Mallory (1986) and 

Aune (1993) found fixity at steel side plates to increase the lateral load approximately 

41% (for Mode IV), and the transition from Mode III to Mode IV is made possible by a 

thickness increase of about 17% for the main member.  Likewise, Hunt and Bryant 

(1990) found nail head fixity at steel side plates induced a condition of contraflexure of 

the nail in the main member, while increased loading caused bending to also occur near 

the joint interface just under the steel side plate. 

 

From the work of these researchers, it was found that dowel head fixity has a positive 

impact on lateral strength values, and the shank and threaded portion of lag screws must 

be considered in Yield Theory.  This is somewhat of a departure from conventional Yield 

Theory, which considered only uniform diameter shafts. 

 

2.9  Blass, Ehlbeck and Rouger Equations 

 

In an effort to simplify Eurocode 5 (ENV, 1994) so that practitioners could more easily 

implement yield equations, Blass et al. (1999) proposed a set of design equations on a 

failure mode, where at least one plastic hinge per fastener per shear plane forms in the 

yielded connection.  For the condition of “thick” or “thin” steel side plates, the following 

equations were derived: 
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Rk = dfM khky ,,22  for “thick” steel side plate                                 (2.20) 

 

Rk = dfM khky ,2,,2  for “thin” steel side plate                                  (2.21) 

 

where, 

Rk = load-carrying capacity per fastener per shear plane (lbf) 

My,k = characteristic fastener yield moment (in.-lbf) 

fh,2,k = characteristic embedment strength corresponding to member 2 (main 

member) (psi) 

fh,k = characteristic embedment strength corresponding to strongest member  

(main/side) (psi) 

d = fastener diameter (in.) 

 

As stated by previously-mentioned researchers, Blass et al. (1999) also indicated that 

connections with thin steel side plates will experience too much bending in the side 

member to develop Mode IV yield; however, with a thicker steel side plate, Mode IV is a 

likely mode of yielding.  For “thick” plate behavior, the embedment into the wood main 

member must be deep enough to trigger a more rigid response; on the other hand, “thin” 

plate behavior occurs when embedment is not as deep: 

 

t2,req = 
df

M

kh

ky

,

,4    for “thick” plate behavior                     (2.22) 

 

t2,req = 
df

M

kh

ky

,

,)22( +   for “thin” plate behavior                      (2.23) 

 

where, 

t2,req = required dowel embedment into main member (in.) 
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For larger diameter dowels, where the correspondingly large diameter prohibits dowel 

bending, but, instead, encourages wood cracks to initiate and propagate, simplifications 

to the aforementioned yield equations were proposed by Blass et al. (1999): 

 

Rk = min of dtf kh 2,5.0 and dfM khky ,,2  for “thick” steel side plates              (2.24)              

 

Rk = min of dtf kh 2,21
1

+
and dfM khky ,,2  for “thin” steel side plates               (2.25) 

 

For design, Blass et al. (1999) proposed the use of a partial safety coefficient (safety 

factor) of γM,Connection = 1.1, which was arrived at by using γM = 1.1 for steel, γM = 1.3 for 

wood, and a kmod = 0.8 (average of 0.7 and 0.9) for moisture content and embedment 

strength modification.  Because γM,Connection = TimberMSteelMk ,,mod γγ , after rounding, the 

value of 1.1 for γM,Connection is achieved.  This partial safety coefficient may be used 

providing the dowels are large dowels, which generally do not behave according to 

Eurocode’s (ENV, 1994) Yield Model and the proposed equations for larger diameter 

dowels are used. 

 

Because steel side plates can either exhibit stiff (thick plate) or flexible (thin plate) 

behavior, the contributions of Blass et al. (1999) are significant and will aid in the further 

understanding of plate behavior when subjected to lateral loading. 

 

2.10  Technical Report 12 (TR-12) 

 

In the ever-evolving desire to develop more understandable and exacting lateral 

connection equations, a modification of late has occurred to NDS®-1997 (AF&PA, 1997).  

General Dowel Equations for Calculating Lateral Connection Values - Technical Report 

12 (AF&PA, 1999), more commonly referred to as TR-12, was derived from NDS® 

general equations (AF&PA, 1997) to address the calculation of laterally-loaded single 

fastener connection yield loads. 
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TR-12 can be used to determine loads at the proportional limit, 5% offset yield load and 

capacity and also considers all applicable yield modes, such as Is, Im, II, IIIs, IIIm and IV; 

however, TR-12, does not predict loads at failure (typically 80% of capacity and greater 

slip than that at capacity).  TR-12 has a couple advantages over the general equations in 

the NDS® with the inclusion of intermember gap and fastener moment resistance into the 

equations.  Again, as for the NDS®, TR-12 does not account for end fixity of the fastener 

head at the side plate, tension in the fastener (withdrawal resistance), nor friction at 

interfaces between members or along fastener’s shaft and side/main member(s). 

 

As consistent with NDS® yield modeling, TR-12 assumes the dowel will remain in 

equilibrium, a necessary condition, which was used in the derivation of yield equations, 

along with the assumption of uniform distribution of dowel bearing along the dowel 

length. 

 

The minimum load determined from the equations is the critical governing load.  To 

obtain the factored allowable design load (based on 5% offset), the minimum load is 

divided by the applicable reduction term (Table 2 in TR-12) to get the nominal load and 

then multiplied by adjustment factors (e.g., load duration, wet service, temperature, 

stability, size, flat use, incising, repetitive member, curvature, form, shear stress, buckling 

stiffness and bearing area), as identified in the NDS®. 

 

The following TR-12 equations are used in this work to determine the minimum loads for 

5% yield load and capacity: 
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PIs = sslq                                                                 (2.30) 

PIm = mmlq                                                               (2.31) 

 

where, 

P = nominal lateral connection value (lbf) 

ls = side member dowel bearing length (in.) 

lm = main member dowel bearing length (in.) 

qs = side member dowel bearing resistance = FesD (lbf/in.)                            (2.32) 

qm = main member dowel bearing resistance = FemD (lbf/in.)                         (2.33) 

Fes = side member dowel bearing strength(psi) 

Fem = main member dowel bearing strength psi 

g = gap between members (in.) 

D = dowel shank diameter (in.) 

Fb = dowel bending strength (psi) 

Ds = dowel diameter at maximum stress in side member (in.) 

Dm = dowel diameter at maximum stress in main member (in.) 
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Ms = side member dowel moment resistance = Fb(Ds
3/6) (in.-lbf)                  (2.34) 

Mm = main member dowel moment resistance = Fb(Dm
3/6) (in.-lbf)               (2.35) 

 

Single dowel connections act as pins, which have no influence from neighboring 

fasteners.  However, fastener edge and end distance is a concern.  TR-12 addresses this 

connection geometry and is yet another evolution of the YT as posed by Johansen.  Before 

proceeding with an understanding of connections with multiple fasteners, an 

understanding of the behavior of connections with single dowels is required.  TR-12 aids 

practitioners in this respect. 

 

2.11  Load-Slip Curves for Connections 

 

Load-slip curves form the basis for descriptions of connection behavior.  These curves 

contain a bounty of information that determines 5% offset yield load, capacity, initial 

stiffness, failure load, yield load, ductility, and elastic and inelastic energies.  In 

combination with statistics, this information enables the researcher to determine 

connection behavior, which influences future design codes. 

 

By monitoring the load-slip relationship of a connection, the yield and strength 

characteristics can be readily determined.  Mack (1966) and Ehlbeck and Larsen (1981) 

noted that it is well established that a strong correlation between load and slip does not 

exist even in the low load range.  Mack (1966) developed an empirical formula 

accounting for the nonlinearity of the load-slip curve of nailed joints.  Also, slip of a 

dowelled wood joint is influenced by many parameters, such as species (specific gravity), 

temperature, curvature of growth rings, loading rate, joint geometry and physical and 

mechanical properties of the wood and fastener.  In addition to wood’s natural variability 

and anisotropy, attempting to establish a relationship between load and slip given all 

these variables is impossible due to the many combinations of factors.  Such variability 

can only make experimental studies more complex due to the test data scatter (Tan et al., 

1995). 
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In nailed joint load-slip research  (Kuenzi, 1955; Noren, 1961; Wilkinson, 1971, 1972; 

Larsen, 1973; Foschi, 1974; McLain, 1976), a nailed joint is assumed to behave as a 

beam (nail shank) on an elastic foundation (the wood under the shank) (Foschi and 

Bonac, 1977).  Kuenzi (1955), Noren (1961) and Wilkinson (1971, 1972) have used this 

approach to study the initial stiffness of several connection configurations: the 

assumption of elasticity is observed only at small slips, while the remainder of the load-

slip curve is nonlinear in nature; hence, instead of a rigid-plastic relationship, the load-

displacement (L-D) curve should be better characterized as elastic-plastic.  Foschi (1974) 

developed an expression for the nonelastic foundation, which has been subsequently used 

in recent investigations: 

 

p = ( )
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where, 

p = reaction of foundation, load per unit length (lbf/in.) 

w = deflection (slip) of the nail (in.) 

k = initial foundation modulus (stiffness) (lbf/in.)) 

po, p1 = parameters for the foundation load-deflection curve based on curve  

tangents 

 

Later, Foschi (2000), using FEM, developed a simpler model of a beam on an inelastic 

foundation, which is similar to an approach used in the field of geotechnical engineering 

for deep foundations (piles, specifically).   However, Foschi took it a step further in that 

his model is inelastic and not elastic, as used in the geotechnical analysis procedure when 

the soil analysis is based on p-y curves described by Gohl (1991), Finn and Gohl (1992) 

and Finn et al. (1997). 

 

Foschi and Bonac (1977) used finite element elastic-plastic analysis of nailed connections 

to get load-slip characteristics.  Several common types of connections have been tested, 

all using standard common nails.  They concluded, not surprisingly, that the nonlinear 
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nature of load-slip relationships should be considered in the design of wood structural 

components.  Allowable design loads can be obtained by analyzing load-slip curves and 

determining capacity and 5% offset yield load along with their slip values, initial 

stiffness, ductility, residual deformation upon unloading, and energy (Foschi and Bonac, 

1977). 

 

The nail head effect and interlayer gaps also impact load-slip behavior.  Test data from 

Liu and Soltis (1984) determined that load-slip characteristics of joints are sensitive to 

the clamping effect of the nail head.  After initial slip (when friction at the nail head is 

overcome), the load-slip curve is for all practical purpose linear.  At and beyond the 

proportional limit load, slip in the joint ceases to be proportional to the load.  However, 

primarily due to crushing of wood fibers, permanent deformation is achieved at this load 

when unloading occurs.  As the load increases beyond the proportional limit, the load-slip 

curve becomes more nonlinear.  Depending on the characteristics of the specimen, 

loading rate and testing environment, failure can take the form of dramatic splitting, or 

failure will occur in a more controlled manner. 

 

SaRibeiro and SaRibeiro (1991) also found nailed connections to present a relatively 

complex load-slip behavior, where both nail and wood contribute to the curvilinear load-

slip relationship of laterally-loaded nailed joints, and major contributors to this behavior 

are specific gravity, side member thickness, nail size and moisture content. 

 

It is presumed crucial that the investigator understand the load-slip curves of joints.  In 

AF&PA’s 1997 publication, Calculation of Lateral Connection Values Using General 

Dowel Equations, Technical Report 12 (TR-12), the 5% offset line originates at 5% of the 

dowel diameter on the slip axis and extends parallel to the initial tangent modulus until it 

reaches the load-slip curve.  The 5% offset load is that load where the line and the load-

slip curve intersect, and it signifies the load at which the nominal allowable load for the 

NDS® (AF&PA, 1991a) is based.  5% offset load has more repeatability than the 

proportional limit load (Zahn, 1992).  On the other hand, ultimate load is used to achieve 

the nominal allowable load for which LRFD is based.  The failure load, which is usually 
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less than ultimate load and greater in slip, is not a limit state that can be realistically 

modeled by the general dowel equations (Showalter et al., 1999). 

 

The L-D curve for cracked wood connections is different.  With cracks, orientation of the 

crack to the wood is of primary importance, as certain orientations are much more brittle 

than others.  The first letter indicates the direction normal to the plane of the crack 

(tangential for subject tests), and the second letter indicates crack propagation direction 

(longitudinal for subject tests) (e.g., TL, RL). 

 

Summarizing, load-slip curves can be used to manipulate the data so that further 

identification of contributing phenomena to connection behavior is possible.  Without this 

information, other more nonempirical models have much less credibility.  

 

2.12  Interlayer Gap 

 

If two or more members are not pulled snug against each other, a gap will be present in 

the connection.  The gap between mechanically connected pieces of wood has an impact 

on the amount of friction available to affect yield mode type and lateral load results. 

 

As Liu and Soltis (1984) noted, when a joint is laterally loaded, both withdrawal 

resistance of the nail in the main member and resistance of the nail head to being pulled 

through the side member tend to draw together side and main members.  No gap will 

increase friction between members, while the presence of a gap will allow the fastener to 

directly affect initial stiffness of the joint.  Additionally, a gap will effectively increase 

the eccentricity of the connection, thereby causing comparison to researchers’ results to 

be somewhat hindered (Liu and Soltis, 1984). 

 

Also, if no gap exists, and the fastener deforms due to load application, axial forces can 

develop, which can enhance Mode III or IV yielding.  The inclined portion of the fastener 

will have developed a component parallel to the applied load (due to withdrawal 

resistance) and will, therefore, augment the direct lateral resistance.  Eurocode EC5 
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(ENV, 1994) accounts for this by enhancing the resistance for Modes II and III failures 

(Modes III and IV for NDS®) by 10 percent (Hilson, 1995).  The effect of friction is 

decreased with every fastener that is added to the joint (Thomas and Malhotra, 1985). 

 

Bolted connections with tightened effectively increase the lateral capacity of the joint.  

However, shrinkage and rheological characteristics of wood cause the resistive frictional 

force to be lost (Trayer, 1932; Johansen, 1949; Smith, 1980).   Due to this, researchers 

have chosen to either test specimens with a gap or no gap.  However, with specimens 

initially setup with a gap, as the test progresses and fasteners begin to bend, resistive 

friction forces will develop as the members are pulled together (Heine, 2001). 

 

Gaps between members should be avoided in construction of wood connections, as the 

gap effect is to decrease the capacity and, likewise, the design load.  Though wood 

shrinkage may adversely impact connections comprised of bolts or nails, dowels with 

threads do not behave as such.   Hence, in the endeavor to become less ultraconservative 

and more realistic, codes should consider increasing allowable lateral values for screwed 

connections. 

 

2.13  Friction at Dowel Holes and Between Members 

 

Another beneficial effect that increases yield and strength values is that of friction.  

Friction can develop at two locations for connections:  dowel-hole interface and between 

members.  Magnitude of frictional forces is dependent on geometry of hole and dowel 

and type and size of side and main members. 

 

Friction between fastener and wood main member is developed when the fastener is 

loaded laterally (Heine, 2001).  Friction influences the distribution of stresses around the 

hole to a significant extent in orthotropic materials, such as wood, such that the failure 

mode and bearing (embedment) strength are affected (Hyer et al., 1987).  Rodd (1988) 

showed that the amount of interface friction is directly related to the effective embedment 

strength. Therefore, friction increases all critical load levels (5% offset yield and 
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capacity).  It is also of interest to note that as the friction coefficient, µ, increases, the 

compression region angle, φ, also increases – in this condition, wood is less apt to split 

(see Figure 2.2) (Rodd, 1988; Patton-Mallory, 1996; Jorissen, 1998, 1999). 

 

 

Figure 2.2:  Compression region angle, ϕ  (similar to Jorissen (1999)) 

 

A strength model without friction is conservative in that a lesser load is achieved than 

one which incorporates resistive frictional forces; however, due to the relatively small 

contribution of this friction to the total resistive load achieved during testing, it is not 

critical to include friction at the fastener hole in order to adequately predict the 

connection load-displacement curve (Patton-Mallory, 1996).  Additionally, the frictional 

resistive force between members is considered relatively small and, therefore, not 

included in code models based on proportional limit or 5% offset yield.  With this 

scenario, it is also considered conservative to not include effects due to intermember 

friction.  However, for codes based on capacity, frictional effects, particularly along the 

dowel shaft to main/side member interface, may be significant, and it would be 

considered very conservative to exclude this beneficial effect. 
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2.14  Joint Capacity 

 

Capacity, as other characteristics of load-slip curves, is critical in the design of 

engineered structures and other products.  As noted in prior sections, joint capacity is a 

function of many variables (e.g., connections geometry and mechanical properties for 

both dowel and members).  For LRFD criteria, knowledge of capacity is required prior to 

the determination of realistic design loads.  However, capacity may be reduced in the 

presence of defects, such as cracks.  The lateral capacity of a lag screw in single shear 

(two members) is dependent on many material and geometry considerations, including 

thickness of the both members, embedment strength of the wood, and lag screw yield 

strength and diameters (shank and root) (Wood Engineering and Construction Handbook, 

1999). 

 

In the presence of cracks, connection behavior is such that the capacity is less than that of 

an uncracked connection.  Initial fracture of a wood component or system is not the point 

of capacity.  Capacity is typically achieved some time after the initial crack is propagated.  

If rapid cracking occurs soon thereafter, capacity is achieved quickly; otherwise, cracking 

is stable.  In any event, the load at which crack propagation occurs is a lower bound 

capacity (Patton-Mallory and Cramer, 1987). 

 

Joint tests by Longworth and McMullin (1963) showed initial cracks occur near capacity 

with wedging by the fastener (bolts in their case) being the primary reason for crack 

initiation and propagation.  The researchers also determined that moisture content did not 

appear to change the capacity. 

 

A more brittle fracture limiting the magnitude of capacity is related to perpendicular-to-

grain fracture.  Daudeville and Yasumura (1996) determined that tension perpendicular-

to-grain is a generally brittle failure.  However, the ratio of crack initiation to load-

bearing capacity can be about 55% for large edge and end distances. 
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For LRFD, capacity is the basis of the design load.  As has been demonstrated, ultimate 

load is dependent upon several factors, including cracking, which has an adverse effect 

on strength design.  Variables, which tend to control the magnitude of capacity, should be 

emphasized in design.  

 

2.15  Fracture Processes 

 

It is well known that fractured wood connections perform to a lower standard than those 

connections that are relatively whole.  The fracture process should be understood prior to 

conducting intensive testing of connection specimens.  Fracture is different depending on 

several factors, including direction of loading (perpendicular-to-grain, parallel-to-grain or 

at an angle to the grain), type of load (tension, compression or shear), pre-existing crack 

size and geometry, loading rate, other defects (checks, shakes, pitch pockets, etc.), and 

seasoned vs. green wood.  Additionally the processes of fracture should be understood, 

including flaw initiation, growth (propagation) and arrest or instability. 

 

When a tension force is applied to wood perpendicular-to-grain, relatively little inelastic 

straining is associated in the eventual failure of the component (Vasic and Smith, 1996b).  

Brittle fracture of wood components emanating from stress concentrations is most often 

due to splitting (Aicher et al., 1995).   Due to experimental scatter and the volume effect, 

allowable tension perpendicular-to-grain values are rather conservative, though it appears 

that tensile strength perpendicular-to-grain could very well be greater than shown by tests 

conducted in accordance with present timber testing standards (Bostrom, 1992). 

 

The mysteries linked to extension of cracks and stress conditions would be better 

understood with comprehensive studies of crack initiation, propagation and arrest along 

the crack front (Irwin, 1957).  However, in some materials, including wood, cracks may 

grow slowly even when loaded far below the critical stress intensity. Stable cracking 

exists when the rates of strain energy dissipation and surface energy generation are 

equilibrated with the external work rate (Atkins and Mai, 1985).  If the rate of energy 

available is less than that required for crack propagation, only strain energy (potential 
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energy) increases and the existing crack does not extend.  On the contrary, if the rate is 

more than needed to propagate, then extension occurs in an unstable manner. 

 

As a crack grows to a particular size (critical size) at a particular load rate or load level, 

and fast crack propagation occurs, this condition is called “stress corrosion cracking” for 

steel, “static fatigue” for ceramics and “duration of load effect” for wood.  Hence, this 

phenomenon is essentially a delayed failure and is related to wood’s strength properties, 

being time and stress rate dependent (Nadeau, 1979; Yamauchi and Hirano, 2000). 

 

The size of fracture specimens impacts the behavior of the wood.  Very small fracture 

specimens crack in an unstable manner at the peak load, while stable cracking prior to 

achieving peak load was observed for larger fracture specimens (Yamauchi and Hirano, 

2000).  Porter (1964) understood if the engineer/designer is aware of the critical crack 

size given a certain stress, then the design can be effectively safeguarded against brittle 

failure (fast crack propagation). 

 

The density of wood also has an effect on the fracture process.  As per Wu (1963), a 

crack, located in a less dense part of the wood, will propagate to a greater extent than a 

crack located in a denser portion of the wood.  Additionally, he noted a crack in an area 

of defects propagated through the wood and then stopped once more defect-free wood 

was encountered. 

 

Green wood exhibits a different behavior than seasoned wood.  Generally, green wood is 

flawless, except for inherent flaws, but as wood seasons and dries, inherent cracks worsen 

and new cracks develop due to shrinkage stresses (Pellicane et al., 1983).  Green wood, 

prior to achieving capacity, is therefore more ductile.  However, as Vasic and Smith 

(1999b) pointed-out, observation of load-deformation curves demonstrates that green 

wood is rather quasi-brittle after achieving capacity.  It was also noted, quite surprisingly, 

that the critical fracture stress for natural cracks was higher in drier wood than green 

wood. 
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The cycle of fracture is typified by three sequences.  According to DeBaise et al. (1966), 

there are three primary phases of fracture: (1) flaw nucleation, (2) flaw growth, and (3) 

unstable fracture.  Flaw nucleation occurs during the life of the tree but is primarily 

manifested during drying of the wood, as large stresses and strains are produced by 

shrinkage of the anisotropic material.  Flaw growth and failure occur when the 

engineered product is subjected to external loading.  Some flaws will grow into large 

dominant cracks, which will, in many instances, cause eventual brittle failure of the wood 

member or joint – a “weakest link” concept.  Weibull’s theory is based on the assumption 

that the flaws are naturally present in systems, and they tend to be the cause of the failure 

(Weibull 1939, 1951; Bodig and Jayne, 1982; Wnuk, 1990). 

 

However, according to Bodig and Jayne (1982), the three phases are (1) initiation 

(different definition), (2) propagation, and (3) arrest or instability.  The initiation phase 

occurs due to the crack achieving a critical size in an irreversible manner.  This is 

dependent upon weak planes, flaw distribution and the stressed volume (Vasic and Smith, 

1996a). At this point, crack front stresses are resisted at the crack tip, and extension 

(propagation of the existing crack) occurs when the external loading causes the maximum 

tensile stress at the tip to be exceeded.  Crack arrest occurs when an area capable of 

resisting crack tip stresses is encountered; otherwise, if no such area is encountered (no 

yielding mechanism to allow for stress redistribution), crack propagation will turn 

unstable if the load and load rate remain constant or increase (Bodig and Jayne, 1982; 

Patton-Mallory, 1996). 

 

Depending on the size of crack, perpendicular-to-grain stresses or shear stresses will 

control joint behavior.  In the bolt connection work by Jorissen (1998), it was concluded 

that as a connection is loaded parallel-to-grain, and as an already initiated crack increases 

in length, shear stress becomes more of a concern, while, as expected, tension 

perpendicular-to-grain becomes less dominant. 

 

The fracture process has been shown to be dependent on several factors.  The following 

sections will further the understanding of the fracture process. 
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2.16  Energy Method 

 

Energy methods have been very useful in the determination of material fracture 

properties.  The total energy taken from the complete load-slip curve can also be further 

categorized into elastic and inelastic parts as well as other classifications.  Energy is 

stored in the connection and members by straining of the members and fasteners (external 

work) and is dissipated in the form of simple strain energy release, surface generation and 

other nonlinear effects.  The presence of cracks and other flaws limit the amount of 

fracture energy in a connection.  Several researchers have addressed the energy method 

under conditions of fracture, but of primary importance are the contributions of the 

pioneers of fracture mechanics:  Griffith (1920), Snedden (1946), Irwin (1957, 1958), 

Williams (1957), Atack et al. (1961), Paris and Sih (1964) and Porter (1964). 

 

Ductile materials, such as steel, are relatively insensitive to stress concentrations as 

compared to the sensitivity of more brittle materials, such as wood, and this is due to the 

ability of steel to redistribute stresses in plastic zones to other more elastic areas (Aicher 

et al., 1995). On the other hand, wood is particularly sensitive to tension perpendicular-

to-grain and shear parallel-to-grain stresses and has very little capability to redistribute 

stresses due to its brittle nature.  Such a material as wood is bound to often fail in a 

brittle-like manner. 

 

Noted as the first investigator to study fracture mechanics of wood, Atack et al. (1961) 

thought brittle fracture could be contained within the process of crack propagation with 

the formation of new crack surface in the strained specimen, which requires energy.  He 

postulated that energy dissipation in the formation of new cracks is achieved from 

conversion of elastically stored potential energy, also called strain energy. 

 

Crack characteristics are very important in the determination of fracture energy.  

According to Atkins and Mai (1985), energy available for cracking is dependent upon the 

geometry of the body as well the existing crack size and orientation with respect to the 
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loading system.  An adverse geometry can be the cause of a very brittle and potentially 

catastrophic failure. 

 

As typical for research, Griffith (1920) built on the work by Inglis (1913) to develop his 

theory.  In his now famous paper, Griffith (1920) made use of the stress solution by Inglis 

(1913) for a flat plate under uniform tension in the plane of the plate with an elliptical 

hole, which could be used to model a crack.  At present, being recognized as the father of 

fracture mechanics, Griffith concocted an energy-rate analysis based on equilibrium for 

cracks in brittle materials (Paris and Sih, 1964).  Snedden (1946) was the first to do work 

in stress-field expansions for crack tips.  Irwin (1957, 1958) and Williams (1957) applied 

these stress-field equations and continued the work for the general case of an isotropic 

body. 

 

It is well-known that wood is heterogeneous, anisotropic (ideally orthrotropic) and 

behaves viscoelastically; hence, the determination of stress and strain relationships is not 

a simple task (Porter, 1964).  Due to this fundamental knowledge, fracture theory per 

Griffith is appealing.  Griffith’s two major contributions from his theory development 

and supporting tests of glass were (1) the assumption that each material has intrinsic 

flaws where stress concentrations exist and (2) the suggestion that there is a balance 

between elastic strain energy and surface energy.  External work yields potential or strain 

energy (only elastic for purely brittle materials), and converts it to surface energy as the 

critical size is achieved and bonds at the atomic level break.  In summary, Griffith’s work 

can be summarized as “the largest flaw becomes self-propagating when the rate of release 

of strain energy exceeds the rate of increase of surface energy of the enlarging crack.” 

(Porter, 1964) 

 

On the other hand, Pugel (1986) determined the major limitations of Griffith’s concepts 

for fracture mechanics were the necessity of the material being brittle and the required 

amount of surface tension.  Most materials are not perfectly brittle in nature and also 

cannot sustain such a high surface tension.  Griffith’s work is also derived using a 

procedure, which allows for reversible energy – energy that can effectively close the 
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crack, which, of course, is impossible.  An irreversible energy term therefore must be 

accounted for. 

 

Irwin (1957) addressed the irreversible energy term issue by developing a resistive crack 

growth term, G (in honor of Griffith), which accounts for the energy of the elastic system 

up until rapid cracking and dividing by the crack area created.  GIc is the critical energy 

release rate, which is the elastic strain energy, which converts to surface energy in the 

fracture process divided by the surface area of the crack (Daudeville and Yasumura, 

1996). 

 

According to Gustafsson (1988, 1990) and Smith and Chui (1991), during the years, 

emphasis shifted from LEFM methods toward energy methods that account directly for 

nonlinear behavior in wood.  Design equations for strength are derived directly from the 

energy of load-slip or load-deformation curves rather than separated into different 

fracture modes as in LEFM (see “Stress Intensity” section).  Additionally, crack initiation 

and propagation are both captured by fracture energy, Gf, whereas KIc (LEFM) only 

provides a standard by which initiation may be judged (Stanzl-Tschegg et al., 1994). 

 

Another fracture criterion is the J-integral, which was proposed by Rice (1968) and based 

on a elastic-plastic relationship between deformation and stress (Prokopski, 1993).  

Yamauchi and Hirano (2000) pointed-out that direct examination of the stable crack 

growth in certain fibrous material is somewhat difficult.  The J-integral at the inception 

of unstable crack growth (typically the maximum load point) is termed Jc (Yuhara and 

Kortshot, 1993).   

 

Measurement of energy dissipation cannot be undertaken without first comprehending the 

experimental method.  One method is the compliance method.  As explained by Atack et 

al. (1961), the experimental procedure for slow fracture propagation is straightforward.  

A discrete displacement rate is applied until shortly after peak is reached, whereupon, the 

load is held for a period of time and until cracking stabilizes, then the load is returned to 

zero and the process repeated until complete failure. 
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Another method of determining fracture energy is to perform a fracture test under 

displacement-controlled conditions until final failure.  The load-displacement curve 

derived from a stable fracture test and complete separation of fracture surfaces contains a 

bounty of useable information that typifies fracture behavior (Stanzl-Tschegg et al., 1995; 

Tschegg et al., 2001).  The area under the L-D curve is proportional to the fracture 

energy, Gf.  The specific fracture energy, GIc, is obtained by dividing Gf by the fracture 

surface area (its orthogonal projection).  GIc provides a measure of crack growth 

resistance. 

 

Due to an anisotropic material’s orthogonality, crack orientation is important in the study 

of fracture.  Orientations are discussed more in-depth in the following section.  In the 

study of spruce, Stanzl-Tschegg et al. (1995) found the upward sloping part of L-D 

curves for the TL and RL orientations to be similar.  They also determined the maximum 

loads for RL specimens were only slightly higher than that for the TL specimens, but the 

softening of the L-D curves was much more prominent for RL specimens than for TL 

specimens.  Hence, there is higher fracture energy and specific fracture energy for RL 

fracture than for TL fracture.  In the same study, fracture was more stable for RL 

specimens, while TL specimens showed signs of instability (brittleness) as the load 

would decrease quickly with very little if any increase in displacement.  Therefore, it was 

concluded that TL fracture is more associated with microstructural brittle fracture. 

 

It was later determined by Tschegg et al. (2001) that a small part of the fracture energy 

was required to produce propagated crack surfaces, and surface energy therefore need not 

be considered in the formulation, as the most energy is absorbed in the process and weak 

(bridging) zones of the cracking specimen.  Of course, because this is not typical of 

brittle fracture, wood fracture is generally considered quasi-brittle, which is not the case 

considered with LEFM. 

 

Tschegg et al. (2001) found that crack initiation is related to the process zone energy, Ginit 

(formation of microcracks and other nonlinear behavior), which is comprised of the 

portion of the load-slip curve bounded by the portion of the curve with slips less than that 
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at the peak load, Pcap, and a parallel line to the initial stiffness, k, spanning from the peak 

load to the slip axis.  Crack propagation energy, Gprop, is the difference between the total 

fracture energy and Ginit.  Ginit and Gprop are depicted in Figure 2.3.  Tschegg et al. (2001) 

then arrived at a method of calculating the amount of damage or nonlinear behavior 

during the fracture process, which was postulated to be Ginit/Gprop, whereupon a large 

ratio would indicate less microcracking (nonlinear effect) and a more elastic brittle 

behavior.  The opposite, of course, would indicate a less brittle and more ductile 

behavior, which is also tougher (more extended L-D curve). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3:  Ginit and Gprop contributions to fracture energy 

 

2.17  Stress Intensity 

The most commonly used measure in fracture mechanics is fracture toughness, KIc – this 

gives a measure of the resistance of cracking of the material.  Fracture toughness can be 

assessed for different types of specimens and can be calculated from the load when crack 
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propagation begins in materials like wood (Bostrom, 1990).  This section will first 

amiliarize the reader with the basic tenets of fracture nomenclature, set qualifying 

conditions for the use of stress intensity, introduce some of the more noted stress ntensity 

factor equations, relate some of the nonlinear aspects of fracture, such as fiber idging, and 

environmental and material effects and crack geometry are studied with espect to their 

impact on fracture toughness. 

 

Before proceeding into an expanded discussion on stress intensity, an understanding of 

the basics is required.  A measure of stress around the tip of a crack is provided by stress 

intensity factors, K, (Barrett, 1976).  The three deformation modes are identified with K 

and a subscript I, II or III, which corresponds to the opening, forward shear and 

transverse shear modes of deformation, respectively.  Mode I is the most common cause 

of engineering-related failures, and wood has about twice the fracture toughness in the 

parallel-to-grain direction as the perpendicular-to-grain direction (Conrad et al., 2002). 

Orthotropic materials have six principal orientations for crack propagation and are 

identified by a pair of indices, the first indicating the direction perpendicular to the crack 

surface, and the second indicating the direction of crack propagation (Schniewind and 

Centeno, 1973).  For example, TL indicates cracking in the longitudinal direction with 

the tangential direction normal to the crack plane (RL plane).  For Mode I, opening mode, 

when a wood specimen containing a flaw is stressed in tension, in the perpendicular-to-

grain direction, the flaw surfaces further separate (Ewing and Williams, 1979). 

 

Conventional fracture mechanics, which was originally developed for homogeneous 

isotropic materials, may also be applied to heterogeneous anisotropic materials if certain 

conditions are met (Kharouf et al., 1999):  (1) crack is small when compared to the other 

dimensions of the specimen and (2) the inelastic zone just ahead of the crack front is very 

small compared to the crack length.  In addition, Dinwoodie (1975) proposed that wood 

elements much larger than a cell and subjected to relatively short loading periods, could 

be approximated to a linear elastic continuum.  However, in the case of wood, a natural 

fiber-reinforced composite, these conditions are not always fulfilled, and it is therefore 

necessary to perform nonlinear fracture analysis. 
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The energy method proved to be well received by the engineering community, however, 

additional work yielded the other major method of solution for fracture problems.  As 

stated by Kretschmann et al. (1990), the fracture theory was modified in the 1950s by 

Irwin (1960) so that nonlinear effects could be analyzed with respect to energy.  By 

studying stresses near the crack tip, Irwin derived the stress intensity factor, K.  The stress 

intensity factor is related to G by an elastic parameter, E’, with the following association:  

 

K = 'GE   (plane stress)                                                   (2.37) 

 

K = )1/(' 2ν−GE    (plane strain)                                            (2.38) 

 

E’ is the elastic modulus for orthotropic materials calculated according to Sih et al. 

(1965) and ν is Poissons ratio. 

 

As shown by Paris and Sih (1964), for Mode I fracture, 

 

KI = C1σ a1/2   and                                                       (2.39) 

 

KII = KIII = 0                                                             (2.40) 

 

As summarized by Conrad et al. (2002), Leicester (1983), Petterson and Bodig (1983) 

and Ashby et al. (1985), the equations developed for Mode I fracture toughness are based 

on wood density.  Note that units ar the same as shown in the respective publications. 

 

KIc (TL, RL, RT & TR) = 0.02ρ  (N-m-3/2) (Leicester, 1983)           (2.41) 

 

KIc (LR & LT) = 0.15ρ   (N-m-3/2) (Leicester, 1983)           (2.42) 

KIc (green wood along grain) = 0.5657ρ0.952 (lbf-in-3/2) (Petterson and Bodig, 1983)(2.43) 
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KIc (TL, RL, RT & TR) = 1.81(ρ/ρs)3/2 (Mpa-m1/2) (Ashby et al., 1985)      (2.44) 

 

KIc (LR & LT) = 20(ρ/ρs)3/2   (Mpa-m1/2) (Ashby et al., 1985)      (2.45) 

 

where ρ is wood density and ρs is cell wall density taken as 94 lbf/ft3 or 1500 kg/m3. 

 

In their summary, Conrad et al. (2002) noted that Ashby’s model predicts fracture 

toughness well as evidenced in the comparison with experimental studies, Leicester’s 

model predicts values that are much lower in the perpendicular-to-grain direction; 

however, all three models predict fracture toughness fairly well in the parallel-to-grain 

direction. 

 

Vasic and Smith (1999c) held that wood can be analyzed using LEFM due to small 

localized behavior in the damage zone and wood’s inherent brittle behavior, particularly 

for Modes I and II.  However, Vasic and Smith (1999c) also acknowledged the presence 

of fiber bridging during separation at the crack:  total stress intensity factor, KItot, was 

assumed to equal the sum of intrinsic toughness, KIo, at the crack tip and bridging 

toughness, KIb: 

 

KItot = KIo + KIb                                                           (2.46) 

 

This bridging crack model is believed to be advantageous compared to the LEFM model 

due to a direct correlation to the true fracture mechanism – one, which includes bridging 

nonlinearity.  Results from the Scanning Electron Microscope (SEM) fracturing tests 

validate the phenomenon of enhanced fracture toughness associated with softening 

behavior due to bridging of unbroken fibers behind the tip of the advancing crack (Vasic 

and Smith, 1999c, 2002).  This “shielding” effect of fiber bridging effectively increases 

the radius of the crack tip, and, thereby, in essence, increases the fracture toughness of 

the specimen (Vasic and Smith, 2002; Vasic et al., 2002).  It was also observed, because 

bundles of tracheids (cells) occur at a crack tip of wood, the crack tip does not have an 

infinitely small radius (singularity), and, therefore, the wood process zone will not be like 
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a process zone for ceramics, with many microcracks; instead, for wood, it appears that 

there is very little in the way of a fracture zone ahead of the crack tip, and LEFM does not 

appear to be valid for small-sized wood due to its nonlinear local behavior (Vasic et al., 

2002).  It was also determined that fracture toughness values are about 10% to 30% more 

than LEFM derived values. 

 

As summarized by Mindess and Nadeau (1975) and Boatright and Garrett (1983), a 

number of investigators have applied fracture mechanics to the study of wood.  On this 

basis, Atack et al. (1961) were concerned with the energy from the pulping process, and 

they showed that a Griffith-type relationship is relatively constant between fracture stress 

and crack length.  Likewise, Schniewind and Pozniak (1971), in the study of Douglas-fir, 

confirmed load rate effects and independence of KIc from length of crack, demonstrating 

fracture toughness may be used as a material constant.  Porter (1964) postulated that 

wood fracture obeyed a Griffith-Irwin relationship, with weak areas in the wood acting as 

intrinsic flaws.  DeBaise et al. (1966) extended Porter’s work by using acoustic emissions 

and confirmed that fracture originates at built-in flaws.  Schniewind and Centeno (1973) 

studied the fracture toughness and duration of load effects of flaws on KIc for Douglas-fir.  

Johnson (1973) showed KIc to be a fundamental property. 

 

Several other researchers contributed significantly to the study of wood fracture.  Stanzl-

Tschegg et al. (1994) summarized some important contributions by others.  Schniewind 

and Pozniak (1971) studied the influence of anisotropy on fracture toughness and showed 

that residual drying stresses influence fracture toughness.  Barrett and Foschi (1977) 

studied Mode II propagation along the longitudinal axis.  Barrett (1976) focused on the 

effect of specimen thickness, orientation and strain rate on the fracture toughness, KIc.  

Boatright and Garrett (1983) compared macroscopic properties to micromechanical 

features.  Valentin and Adjanohoun (1992) addressed the applicability of isotropic 

fracture mechanics to orthotropic materials, such as wood.  Petterson and Bodig (1983) 

correlated ultimate tangential stress to fracture toughness. 
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Though there are six modes of Mode I fracture, the two primary modes of fracture in 

wood are fracture parallel-to-grain in the TL and RL planes.  However, Schachner et al. 

(2000) determined, even in other initial fracture orientations (e.g., LR and 45o systems), 

fracture would many times turn parallel-to-grain, due to its inherent weaker plane.  Porter 

(1964) found no significant differences between release rates measured for fracture in the 

radial- and the tangential-longitudinal planes.  For Mode I loading, fracture toughness, as 

well as specific fracture energy, are approximately 25% higher for RL fracture than TL 

fracture (Tan et al., 1995).  According to Vasic and Smith (1999b), for green wood, the 

RL orientation is characterized by being weaker and much less fracture resistant than the 

TL orientation; however, upon drying of the wood, the roles are reversed.  The three 

material directions for wood are shown in Figure 2.4. 

 

Figure 2.4:  Three primary material directions for wood 

 

As reported by Bostrom (1990), the most research has been done on the four weakest 

orientations, especially the RL and TL directions.  Fonselius (1986), Wright and 

Fonselius (1987) and Riipola and Fonselius (1988) studied pine, spruce and PLV 

(“Kertopuu” in Finland) in TL, RL, TR and RT orientations, and the variables of 

specimen thickness, density, frequency of annual rings and size, moisture content and 

temperature were considered.  For pine and spruce, RL fracturing has the most resistance 

to crack propagation while the RT orientation is the least resistant. 

 

 

Longitudinal Direction (L) 
Radial Direction (R) 

Tangential Direction (T) 
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Bostrom (1990) summarized additional experimental research.  Note that units remain as 

shown in the respective publications. 

 

1)  Johnson (1973) looked at RL and TL orientations for Douglas-fir and western 

red cedar single edge notched (SEN) specimens, and determined that the TL 

orientation was more resistant to cracking than the RL orientation. 

 

2)  Boatright and Garrett (1983) considered TL, RL and LT fracture systems, and 

determined the RL system to be more resistant to propagation than the TL 

orientation. 

 

3)  Lei and Wilson (1979) tested Douglas-fir SEN specimens in TR, RT, TL and 

RL orientations.  The TL orientation had the lowest value for KIc of 320 kNm-3/2, 

while the RL orientation was relatively moderate, with KI c of 400 kNm-3/2. 

 

4) Schniewind and Pozniak (1971) considered Douglas-fir and TL and TR  

orientations. The TR orientation had KIc of 390 kNm-3/2, while the TL orientation 

had KIc of 260 kNm-3/2.  In another paper by Schniewind and Centeno (1974), KIc 

for all six different orientations were considered with Douglas-fir.  TL orientation 

again was the most critical with a KIc of 309 kNm-3/2, while the RL system 

resulted in a KIc of 410 kNm-3/2, and RT and TR systems gave intermediate 

values.  Much larger values for LT and LR fracture systems were achieved with 

KIc of 2417 kNm-3/2 and 2692 kNm-3/2, respectively. 

 

Due to low stiffness and strength values for perpendicular-to-grain properties, RL and TL 

fracture will typically yield the lowest value for critical intensity factors (Leicester, 1974; 

Pearson, 1974; Barrett, 1976; Nadeau, 1979; Pellicane, 1980).  Through the use of finite 

elements, Schachner et al. (2000) concluded, at the crack tip, for 45o (a hybrid of LR and 

RL fracture) and LR fracture, process zone stress intensity was larger than that predicted 

by isotropic models, particularly for parallel-to-grain loading conditions. Because RL 
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fracture is not due to parallel-to-grain loading, it was found that isotropic FEM is 

adequate. 

 

Valentin et al. (1991) determined that the act of applying isotropic test methods to 

orthotropic materials can yield unacceptable results, and due to orthotropy and the unique 

behavior of wood, a thorough examination of the test piece is required prior to testing.  

These researchers also found that the load at which a crack begins to propagate may be 

difficult to determine; therefore, a description of how the critical load was determined 

should accompany every experimental program.  

 

Valentin et al. (1991) also provided an excellent summary for Mode I test results 

(Douglas-fir, Engelmann spruce, eastern red spruce, spruce, and southern pine) from 

several researchers: 

 

1)  Douglas-fir:  Schniewind and Pozniak (1971), Johnson (1973), Schniewind 

and Centeno (1973), Lei and Wilson (1979), Cramer and Goodman (1983), 

Blicblau and Cook (1986) and Valentin and Caumes (1989) 

 

2)  Engelmann spruce:  Mai (1975) 

 

3)  Eastern red spruce:  Murphy (1988) 

 

4)  Spruce:  Wright and Fonselius (1987) and Riipola and Fonselius (1988) 

 

Results of these tests and others noted previously, demonstrate fracture toughness and 

energy are especially variable for different wood species.  These contradictory results for 

Mode I do not instill a high level of confidence in the testing of wood specimens 

(Bostrom, 1990).  Hence, fracture results must not be taken for granted, but, instead, 

should be thoroughly critiqued. 
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The angle of crack and wood density impact fracture toughness values.  Samarasinghe 

and Kulasiri (1999) noted that the elastic modulus and maximum load directly varied 

with respect to density and the angle a crack makes with the RL-plane.  Higher KIc values 

were obtained for RL than for TL fracture, likely due to bowed growth rings, where 

encounters with the denser latewood and shallower angles to the rings occur (Mall, et al., 

1983). 

 

Wu (1967) also studied the angle of cracking.  In anisotropic material, such as wood, 

crack orientation dictates the critical stress intensity level, and, therefore, extreme values 

(maximum and minimum) of the critical stress intensity factor are likely achieved along 

the principal elastic axes.  Hence, he reasoned that the direction is constant for the 

minimum critical stress intensity factor (i.e., least resistance to crack extension).  

Additionally, he speculated that if the direction of crack propagation acts in the same 

direction as the original crack, then the fracture criteria held by Griffith (1920), 

Barenblatt (1961) and Irwin (1962) become harmonious and applicable to orthotropic 

materials.  Therefore, providing the aforementioned criteria are met, anisotropic 

materials, cracked along a principal elastic axis, can use principles set forth for isotropic 

materials. 

 

Brittle behavior of cracks in wood is tied to wood’s natural anisotropy (ideally 

orthotropic) and rather small radii of cracks.  According to Patton-Mallory and Cramer 

(1987), brittle and linear-elastic behavior is typical for seasoned wood subjected to rather 

short-term tensile loading.  Hence, LEFM has been applied to wood fracture in many 

instances (Parhizgar et al., 1982; Triboulot et al., 1984).  Because the crack tip is 

relatively sharp and, therefore, the radius of the crack tip approaches zero, the triaxial 

stress condition at the crack tip is assumed to be infinity; however, practically speaking, 

the stress is not infinity but, instead, some reasonable discrete number.  To compound 

matters further, because the crack tip (fracture process zone) is usually nonlinear, LEFM 

considers only the elastic stresses outside this process zone.  To get around this, 

Gustafsson (1990) assumed the process zone is so small that it need not be considered in 

the analysis. 
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As pointed-out by Patton-Mallory and Cramer (1987), in some cases, orthotropic stress 

intensities may be achieved by simply using the isotropic stress intensity.  Isotropic and 

orthotropic cases are essentially identical, providing no boundary loads and 

geometric/material effects are present and an infinite boundary exists (Tomin, 1972; 

Cook and Rau, 1974; Williams and Birch, 1976).  In reality, however, all of these 

conditions are nonexistent (Tomin, 1971); thus, before applying an analysis for an 

isotropic material to an anisotropic or orthotropic material, the conditions must be met. 

 

Equations for Mode I fracture critical stress intensity are varied.  Some of the most used 

methodologies for orthotropic materials are presented.  The basis for early models was 

ASTM E 399-90:  Standard Test Method for Plane-Strain Fracture Toughness of Metallic 

Materials (ASTM, 1999b), and, of course, these metals are considered homogeneous and 

isotropic, which is quite different than wood.  Units remain as shown in the publication. 

 

KIc = )(2/1 Waf
BW

PQ                                                       (2.47) 

 

where, 

f(a/W) = ( )( )
( ) 2/3
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−
−+−++    

                                                                                                                          (2.48) 

PQ = load determined by drawing a line, beginning at zero load and displacement 

and ending at the L-D curve, with a rotation of 1.5o (or 5%) clockwise 

from the initial stiffness tangent and extending the line until it intersects 

the curve (kN)  

B = specimen thickness (cm) 

W = specimen width (cm) 

a = crack length (cm) 
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Schniewind and Pozniak (1971), Triboutlot et al. (1984), Kretschmann et al. (1990) and 

Smith and Chui (1991) took the analysis one step further by considering the orthortropic 

nature of wood and incorporating work by Sih et al. (1965): 

 

KIc = 
2/1

' 







E
GIc                                                             (2.49) 

 

where, 

GIc = specific fracture energy  (note:  GIc = GIF/4  (Smith and Chui, 1991)) 
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where, 

a11 = 1/EL                                                                                                        (2.51) 

a22 = 1/ET                                                                                                        (2.52) 

a12 = νLT/ET                                                                                                     (2.53) 

a66 = 1/GLT                                                                                                      (2.54) 

For Douglas-fir:  EL = 1830000 psi, ET = 91500 psi, νTL = 0.029,  

GLT = 142740 psi                                                                                  (2.55) 

For SPF:   EL = 1480000 psi, ET = 74590 psi, νTL = 0.017, GLT = 105380 psi  

                                                                                                                          (2.56) 

 

Valentin and Morlier (1982) used a semi-empirical equation (Mostovoy et al., 1967) to 

obtain critical stress intensity factors.  Units remain as shown in the publication. 

 

KIc = 





 +

a
H

BH
aP 07.246.32/3                                               (2.57) 

 

where, 

P = PQ (N) 
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H = specimen width (mm) 

B = specimen thickness (mm) 

a = crack length (mm) 

 

Williams (1988) used somewhat different expression for GIc, however, E’ is the same as 

that developed by Sih et al., (1965): 

 

KIc = 
2/1
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E
GIc                                                             (2.58) 
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GIc = 
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aP ν                                                             (2.59) 

E’ = per Sih et al. (1965) (psi) 

P = PQ (lbf) 

a = crack length (in.) 

B = specimen thickness (in.) 

E = ET (psi) 

H = specimen width (in.) 

ν = Poisson’s ratio 

 

Samarasinghe and Kulasiri (1999) developed an empirical equation for fracture 

toughness, and, as before, P = PQ in the formula 

 

KIc = 200250455.000985893.00171834.0 PP +−                                 (2.60) 

 

where P is in units of kN and KIc is in units of Gpa-mm1/2. 

 

Stanzl-Tschegg et al. (1995) and Vasic and Smith (1996a, 1999b) also used the standard 

formula for calculating fracture toughness, but with a slight variation: 
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Kfc = 
2/1

' 







E

G fc                                                             (2.61) 

 

However, a slight revision was made to the calculation of Gfc; instead of using the 

complete L-D curve’s area and dividing by the crack surface area, Gfc was determined by 

subtracting a portion of the area from GF (fracture energy) and then dividing the result by 

the crack surface area.  This portion was determined by drawing a line extending from the 

peak load, parallel to the initial stiffness tangent, and down to the horizontal displacement 

axis.  The encompassed area, the energy required to cause crack initiation, Ginit, is 

subtracted from the total area of the curve, and the net area is called crack propagation 

energy or Gprop and is the energy required to propagate an already initiated crack.  Gprop is 

used in lieu of Gfc toward the fracture toughness calculation.  This approach results in 

somewhat lower values for Kfc, but is thought by the authors to be more descriptive for 

the underlying fracturing process. 

 

In conclusion, fracture toughness values are based on many assumptions and can yield 

results with high levels of variation.  However, in the determination of a valid critical 

stress intensity factor, whether it be for an isotropic or anisotropic material, 

engineers/designers would then be able to identify the critical crack size or the critical 

stress which would cause a crack to propagate and possibly lead to the failure of the 

element or structure.  Additionally, inspection procedures may be instituted, so that 

structures can be guarded against eventful but unknown degradation or collapse (Pearson, 

1974). 

 

2.18  Finite Element Method (FEM) 

 

Finite element methods have also been used in the determination of stress intensity 

factors.  A plethora of work has been done in finite element analysis (FEA) as well as 

other numerical methods.  Finite elements have evolved to become quite useful in the 

determination of critical stress intensity factors.  It still remains, however, that FEM is 

limited in its application to wood fracture due primarily to wood’s natural variability.  
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FEM is useful in its application in that it buffers other methods in fracture analysis, 

thereby providing a different and beneficial insight into the process of fracture. 

 

Patton-Mallory and Cramer (1987) summarized much of the work done up to the mid-

1980s with FEA.  The FEM is one of the more popular ways of obtaining critical stress 

intensity factors for orthotropic materials.  Many different type problems with different 

geometries and boundary conditions can be analyzed.  Exceptional work has been done to 

model the singularity condition.  Gallagher (1978) provided a review of the many 

different techniques used to compute Kc.  Three major methods in FEM are crack opening 

displacements (COD), energy computation, and use of special crack tip elements. 

 

Recall, the stress intensity factor for the orthotropic case is equal to that for the isotropic 

case if the plate is infinite and orientation of the crack is the same as the direction of 

crack propagation (Sih et al., 1965).  Additionally, if the boundaries of a finite specimen 

are within a couple crack lengths of the crack tip, the crack is in-line with one of the 

major material axes, and the crack face is free of tractions, then an orthotropic condition 

can again be modeled (as an approximation) as an isotropic analysis with accurate 

estimates (within a few percent) for orthotropic stress intensity factors (Boone et al., 

1987). 

 

Several different types of finite elements were developed by researchers to aid in the 

study of wood and other materials.  Eight-noded (quadratic order) hybrid elements 

developed by Atluri et al. (1975) and Foschi and Barrett (1976) generally give accuracies 

on the order of a few percent.  As noted by Boone et al. (1987), these elements utilize 

shape functions, first published by Sih et al. (1965), which were obtained from the exact 

theoretical displacement functions at the crack tip.  To determine stress intensity factors 

for orthotropic materials, hybrid elements were developed (Boone et al., 1987).  Atluri et 

al. (1975) and Foschi and Barrett (1976) developed relatively accurate eight-node 

(quadratic order) hybrid elements. 
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A method more adaptable to remeshing schemes for fracture propagation analysis is the 

use of isoparametric, quarter-point elements at the crack tip.  The work by Saouma and 

Sikiotis (1986) further explains the development of this finite element type.  Basic to this 

element is locating mid-side nodes at the quarter-points.  In this configuration, the 

element inherently contains a radial displacement function that varies in proportion to the 

square root of the distance from the crack tip. 

 

Many of the programs written for FEM were derived with isotropy in mind.  According 

to Boone et al. (1987), it is a simple task to extend the capabilities of an isotropic analysis 

program to include orthotropic fracture analysis capabilities. Isoparametric quarter-point 

elements can be used to accurately determine stress intensities; however, results can vary 

significantly if the same mesh used for an isotropic case is applied to an orthotropic case. 

 

Saouma (1980) and Gerstle (1985) conducted detailed studies to determine stress 

intensity factor errors using isoparametric quarter-point elements.  They concluded, for 

accurate results, a crack tip should be encompassed by a minimum of eight singular 

elements and one of these elements should subtend an angle greater than 60o.  Gerstle 

also concluded that local mesh refinement is possible given infinite computer precision, 

and accurate stress-intensities could be obtained.  For othrotropic conditions, it is best to 

have several regularly shaped well-distributed elements around the crack tip (Boone et 

al., 1987). 

 

Other elements were used to address the “contact problem”.  With a lag screw or other 

dowel in contact with the foundation/wood, a contact problem exists, which is nonlinear 

in nature.  Contact elements must be very refined due to relatively high variation in 

displacements and associated stresses (Vasic and Smith, 1999a). 

Stress intensity can be better obtained by manipulating the more-used finite elements.  As 

discussed by Boone et al. (1987), a standard finite element program, such as ABAQUS, 

which has quadratic elements can be altered so that stress intensity factors can be easily 

extracted: (1) obtain the orthotropic element stiffness matrix, (2) locate quarter-point 

elements at the crack tips, (3) extract displacements from these quarter-point elements, 
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and (4) write an algorithm to interpolate stress-intensity factors from the obtained 

displacements. 

 

Many different finite element programs have been used in the endeavor to quantify 

stress-intensity factors.  Two substantial programs of note are FRANC, which was 

developed by researchers at Cornell University and the well-known program ABAQUS.  

Patton-Mallory et al. (1997b) in the study of bolted wood connections (no cracking) 

selected ABAQUS due to its availability to implement 3-D, isotropic, elastic-plastic 

constitutive behavior, as well as linear-elastic orthotropic constitutive behavior.  The 

FRANC program has the desirable feature of automatic remeshing as the crack grows.  

The user can define cracks in one or more layers, load and propagate the cracks, and then 

predict crack interaction and load transfer to the other levels. 

 

The process of fracture propagation is not difficult with today’s programs.  According to 

Dawicke et al. (1992), a typical crack propagation analysis is performed on a graphics-

based workstation and consists of the following steps: 

 

1. Interactively input initial cracks in the mesh.  If crack positions are unknown, 

perform an elastic analysis to obtain the location of highest stresses. 

2. Analyze and calculate stress intensities for all crack tips. 

3. Predict crack growth directions and crack length increments. 

4. Propagate cracks and remesh. 

5. Repeat from step 2. 

 

FRANC uses both six- and eight-node elements, both with quadratic shape functions.  

Such elements allow relatively simple and dependable remesh algorithms (Dawicke et al., 

1992).  Shifting the side nodes to the quarter-points of the triangular elements results in 

crack-tip singularity (Henshell and Shaw, 1975), thereby yielding accurate stress intensity 

factors without using numerous singularity elements.  Automatic remeshing is performed 

by crack-tip element deletion, crack-tip relocation, and then insertion of new elements 
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that connect the new crack to the existing mesh.  To generate the new elements, the 

modified Suhara-Fukuda algorithm (Shaw and Pitchen, 1978) is implemented. 

 

The oft-used method to calculate the crack-tip field, stress intensity factors (elastic case), 

and energy release rate (elastic or plastic case) involves the J-integral (Rice, 1968) by 

using the obtained stress and deformation fields around the crack tip.  For homogeneous 

materials, this was efficient, because the path independence of the J-integral permits 

calculation along a path away from the process zone (singularity) to avoid inaccuracies. 

 

Later, the domain integral method was developed to perform the calculation of the J-

integral (Li et al., 1985; Shih et al., 1986; Moran and Shih, 1987).  It’s more efficient and 

accurate than direct calculation of the J-integral, because the domain integration comes 

more naturally than the line integration of the 2-D space and integration of the 3-D space, 

respectively, for FEM (Gu et al., 1999). 

 

Certain precepts are important to understand prior to conducting a FEA for conditions of 

fracture.  In analysis of 2-D elastic crack problems of heterogeneous materials, to capture 

singularity and material property variation, the mesh is designed such that the smallest 

elements at the crack-tip are as small as about 10-5 times the characteristic length (usually 

the crack length) and yet much smaller for inelastic problems (Gu et al., 1999).  Material 

variation is achieved by using corresponding material properties at Gauss integration 

points.  (Different Gauss points have different properties.)  The first 10 or 20 rings of 

elements are arranged within the radius 10-4a from the crack tip (Gu et al., 1999).  To 

perform the domain integration, the domains can be chosen as the circular regions formed 

by the first few rings of elements.  In such a situation, we show that the second term in 

the domain integral for heterogeneity is very small compared to the first term, the 

standard domain integral, and may be neglected.  Hence, the domain integral for 

heterogeneous materials can be calculated numerically in the same way as that for 

homogeneous materials, using the standard domain integral (Gu et al., 1999). 
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Although finite element approach is simplistic and powerful when compared to timely 

and costly experimental studies, FEMs are only approximations (sometimes gross 

approximations) of the real system.  One glaring shortcoming of FEM is the fact that 

wood is a highly anisotropic (ideally orthotropic) material with highly variable cellular 

structure and mechanical properties (Heine, 2001).  Jorissen (1998) also found numerical 

finite element calculations insufficient to adequately predict connection response (the 

complete load-slip curve).  Though this perspective is certainly applicable for 

anisotropic/orthotropic materials as wood, FEM is still a relevant analysis method, which 

can be used to supplement other analyses, but by no means should it be used as an all-

inclusive method for the wood fracture problem. 

 

2.19  Wedge Action 

 

Upon tension loading a connection parallel-to-grain, wood perpendicular-to-grain is 

compressed along the fastener, and wedge forces develop at the fastener location, thereby 

creating rather high perpendicular-to-grain stresses in the wood member (Kuipers, 1960; 

(Patton-Mallory, 1996; Jorissen, 1998; Heine, 2001).  Driving of the fastener enables 

cracking of the wood.  Recall that wood is very weak in resisting tension perpendicular-

to-grain stresses; therefore driving of the fastener facilitates the crack(s) to initiate and 

propagate at the hole.  As external load is applied, the wedging effect is introduced along 

the length of the crack as the fastener slips. 

 

As noted previously, when a wood connection specimen is tensioned parallel-to-grain, 

wedge action at the fastener is the primary force that activates tension perpendicular-to-

grain stresses.  As shown by Irwin (1957) and Westergaard (1939), for a single crack, 

extending from –a to a (the length of the crack), loaded parallel-to-grain by a fastener, 

wedging occurs at the fastener location, producing “splitting forces” of magnitude P 

located at x = b (centerline location of the fastener), 
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Z(z) is a function to be ultimately used in expressions for σx, σy and τxy, and z is a 

complex variable equal to x + iy, where x is real and iy is imaginary.  Because linear 

elasticity relations are assumed to apply for LEFM, combined Z(z) for tension and wedge 

action occurs when adding separate Z(z) for tension and splitting forces. 

 

In the endeavor to further explain fastener wedging, stress intensity factors were 

developed by a few researchers.  Lau (1990) determined that nail-induced cracks in 

wood, resulting from the wedging effect of nailing, represented a dynamic situation.  

From driving a nail into wood, a viscoelastic orthotropic/anisotropic material, plastic 

behavior due to these induced wedging forces had not been previously considered.  Lau 

(1990) obtained a solution for opening mode stress intensity based on wedge forces in 

nailing: 

 

K = 
L

EhC
π2

1                                                               (2.63) 

 

Sih (1973), in his collection of stress intensity factors, presented Gilman’s (1959) result 

for the condition of a finite strip (isotropic) with a crack opened by a pair of end forces: 

 

K1 = 2/3

64
b

pa
π

                                                             (2.64) 

 

where, 

p = end force (lbf) 

a = crack length from tip to application of forces (in.) 

b = total width (in.) 
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In the paper by Rubio-Gonzalez and Mason (2001), a single pair of wedge forces 

perpendicular-to-grain yielded an opening mode stress intensity factor of 

 

                                                                                                                                      (2.65) 

 

As Chen et al. (1993a) pointed-out, the distance between the loading position and the 

crack-line is equal to zero, namely s = 0.  Note that units are as shown in the publication. 

 

F = 
)2(cos2 1

W
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π                                                         (2.66) 

 

where, 

W = plate width (mm) 

a = half crack length (mm) 

 

A geometric correction factor is contained within the expression for the case of wedging 

forces at the center of the crack (Chen et al., 1992, 1993a). 

 

For the “finite width” case for crack tips A and B  (Chen et al., 1993b): 
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where, 

YA, YB = geometric correction factors 
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b = distance from center of crack to location where load is applied (mm) 

P = applied force (N) 

 

This ultimately yields 

 

YA = YB = 
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Jorissen (1998) found that fasteners, loaded parallel-to-grain, introduced an axial force 

2F, a bending moment M and a force perpendicular-to-grain V due to wedging, and the 

bending moment and force perpendicular-to-grain then resulted in stresses perpendicular-

to-grain σt;90.  As shown by Liu et al. (1996), for the opening mode, stress distribution 

near the crack tip was determined to be 
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   (for x < W/2 – a)                   (2.70) 

 

σyy(A) = 2/122
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   (for x > W/2 + a)                  (2.71) 

 

The geometry of the connection is critical with respect to the crack in wood connections.  

Wood connections with short end distances and spacing between fasteners also fail in a 

usual brittle or quasi-brittle manner due to tension perpendicular-to-grain stresses. 

 

To guard against brittle failures, the behavior of different types of connections in wood 

must be thoroughly understood.  By implementing proper design and construction 

methods, the wedging effect can be minimized, thereby increasing the likelihood of a 

long-lived wood connection. 
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2.20  Intersecting Cracks 

 

Intersecting cracks may occur when two or more fasteners exist at the same connection.  

Connection geometry is obviously a significant contributor to overall joint behavior.  A 

less brittle (more ductile) behavior is typical of a single bolt bearing parallel-to-grain and 

crushing the wood underneath (Smith et al., 1988).  By contrast, as fasteners are added, 

the connection’s failure mode becomes much more brittle (Masse et al., 1988).  Ductile to 

brittle behavior occurs upon the interaction of two or more bolts (Smith and Hu, 1994).  

In the case of connections loaded perpendicular-to-grain, cracking is usually present, 

even for single fasteners.  Cracking initiates at the perimeter of the fastener hole and 

propagates along a main material axis, usually parallel-to-grain (Call and Bjorhovde, 

1990). 

 

With multiple fasteners, intersecting cracks will decrease the capacity of a joint.  Lau 

(1992) investigated double nail connections with respect to intersecting cracks.  By 

integrating the crack area along the full distance of the nail hole and dividing this area by 

the specimen thickness, mean crack length for each specimen was calculated.  Occasional 

joining of the cracks between two nails demonstrated the interaction of the cracks from 

both nails. 

 

Through his work, Lau (1992) sought to develop a fracture mechanics model that permits 

unstable crack propagation.  Such a model may be used to determine the connection 

capacity and critical stresses for single nail and multiple nail connections.  He found the 

crack length due to nailing increased with decreasing spacing between neighboring nails.  

Due to the higher specific gravity, cracks in Douglas-fir were typically greater than that 

for spruce.  Within species, Lau (1992) determined the mean crack length to be 

proportional to the square of the nail diameter and relative density raised to the 1.5 

power.  Although data were limited, the development of an analytical model showed the 

effect of nail spacing, nail diameter, and wood relative density upon the mean crack 

length. 
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Longer or shorter crack length is dependent upon the influences of neighboring cracks.  

Feng and Gross (2000) explained crack interaction by using a “damage location band” 

(DLB) concept.  They determined crack interaction influences the inner crack-tip more 

than the outer crack-tip (shielding effect), as the outer crack-tip (outer DLB) of one crack 

is effectively shielded from the effects of the other neighboring crack. The crack 

coalescence is attributable to two reasons, namely, the magnitude of the applied stress 

and the length of DLB due to distance between fasteners (Feng and Gross, 2000). 

 

The overall joint strength depends on several factors; Jorissen (1998) found the more 

critical elements to be slenderness, spacing and number of fasteners, while loaded end 

distance and hole clearance are of apparent minor contribution to capacity. 

 

Larger fastener connections must be treated in a somewhat more conservative manner 

than smaller fastener connections. Due to the increased tendency to crack wood, larger 

diameter dowels respond differently to load application than smaller diameter dowels.  

Generally, to not decrease strength by inhibiting cracking, very large diameter dowels 

with slenderness ratios about two require relatively large spacing between dowels on the 

order of 14d and end distance about 10d.  For rather more flexible small diameter dowels, 

to achieve full capacity (no reduction), much smaller spacing and end distances can be 

used (Jorissen, 1998).  Due to the flexibility of smaller fasteners, all fasteners in a 

connection are capable of realizing nearly full capacity, while for larger fasteners, at 

typical spacing and edge distances per code, the outer fasteners will typically take most 

of the load, thereby creating an overload condition with respect to tension perpendicular-

to-grain and shear stresses, that culminate in premature cracking (Jorissen, 1998). 

 

Because these connections do not fail due to embedment but instead to splitting, thereby 

creating a violation of Johansen’s Yield Model, a fracture mechanics based model is 

required (Jorissen, 1998).  Additionally, it is possible to develop a mechanics-based 

model without having to develop a tedious fracture mechanics model.  This may be done 

by modification of dowel embedment strengths. 
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As can be seen, many variables affect the crack intersection phenomenon.  When 

multiple fasteners are used in a connection, it is critical that these variables be 

implemented properly. 

 

2.21  Fracture Process Zone 

 

Due to its inelastic nature, understanding of the fracture process zone is critical to the 

study of fracture mechanics.  Wood’s fracture process zone has yet to be adequately 

defined (Vasic et al., 2002), and this is critical prior to proceeding onto an LEFM type 

analysis.  From their studies, Boatright and Garrett (1983) observed phenomena, which 

appeared to show that, due to the state of stress at the crack tip, fracture initiates at the 

center of the crack front. Outside the crack tip, the medium remains orthotropic, while at 

the crack tip, it is considered a unique and quasi-isotropic plastic deformation zone 

(Kanninen et al, 1977).  A failure criterion, as indicated in a prior section, can then be 

developed, which relates energy available (strain or potential energy) in the stressed 

specimen to the energy required to initiate and propagate cracking in this highly stressed 

process zone. 

  

An understanding of the fracture process zone requires a description of its geometric 

properties.  As explained by Bao and Suo (1992), Irwin’s LEFM is based on the concept 

that upon fracture, the process zone at the crack tip with length Lo (characteristic crack 

length) is very small when compared to crack length, a.  Therefore, with the existence of 

a relatively large crack or a brittle specimen, LEFM is satisfied if the process zone is 

extremely small around r < 0.02a, where r is the radius of the crack tip and a is crack 

length (Vasic et al., 2002).  This very small process zone is characterized by the stress 

intensity factor.  Daudeville et al. (1995) noted the importance of the size of the process 

zone, where the process zone has a small effect on larger pieces of wood and the opposite 

effect for smaller pieces.  Upon significant material deformation, wood tends to 

redistribute stresses, thereby increasing the size of the process zone (Heine, 2001), but 

because wood is quasi-brittle at best, redistribution at the process zone is limited, and 

fracture soon initiates.  
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Scanning Electron Microscope (SEM) studies have been beneficial in the attainment of 

fracture information on the microcellular level.  However, Vasic and Smith (1999c) 

found very little evidence, including the absence of extensive microcracking, to support 

the fracture process zone concept.  In an effort to seek the “path of least resistance,” 

fracture sought the weakest planes between fibers to propagate.  Hence, the researchers 

concluded that dominant pre-existing flaws, not a highly stressed fracture process zone, 

are the primary mechanisms for crack propagation. 

Tschegg et al. (2001) agreed with Vasic and Smith (1999c), indicating wood’s 

orthotropy/anisotropy hinders a valid estimation of the size of the plastic zone.  Again, 

due to the anisotropic (ideally orthotropic) nature of wood, and, as put forth by Niemz 

(1993), because wood has a higher shear yield strength than tensile yield strength, wood 

(and other orthotropic materials) has a different fracture response than isotropic materials.  

Hence, the two must be treated differently in order to achieve a practical solution to the 

fracture problem. 

 

2.22  Crack Tunneling 

 

It is very frequent that the crack length observed on the exterior surface of a wood 

specimen is not the same length as that inside the specimen.  Many times, the crack 

profile at the interior of the crack specimen is longer than that exhibited on the exterior.  

As summarized by Patton-Mallory and Cramer (1987), a significant obstacle in the use of 

LEFM was the inability to measure the correct length of a crack (Atack et al., 1961; 

Porter, 1964; Barrett and Foschi, 1979; Chow and Woo, 1979; Boatright and Garrett, 

1983).  In many instances, crack fronts tend to tunnel in towards the inner portion of 

specimens, thereby leaving bonded fibers at exposed faces (Boatright and Garrett, 1983).  

Therefore, surface measurement of crack-front movements, based on exterior surface 

cracking, is often inaccurate. 
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The maximum length in a crack profile is not typically found at the interior center of a 

wood specimen.  Boatright and Garrett (1983) noted a repeated observation that 

maximum crack tunneling for both TL and LT systems is not at the interior center, but 

nearer to the edge furthest from the pith (i.e., closer to the bark side).  The researchers 

postulated that the cause was due to growth rings more evenly spaced in denser wood 

(further from the pith) are more likely to fracture than wood closer to the pith. 

 

Due to crack tunneling, as Patton-Mallory and Cramer (1987) summarized, acoustic 

emissions have been implemented to monitor crack growth as well as failure modes 

(DeBaise et al., 1966; Ansell and Harris, 1979; Morgner et al., 1980; Ansell, 1982, 1983; 

Sato et al., 1984).  Acoustic emissions have confirmed that cracks generally are 

spearheaded closer to the bark than the pith.  Digital image correlation and inking have 

also been used to show the crack tunneling effect.  These two methods will be discussed 

in the “Inking and Digital Image Correlation/Processing” section of this chapter. 

 

2.23  Crack Length and Pattern 

 

Crack length and pattern should be identified prior to undertaking an effective analysis of 

fracture using energy methods that can ultimately yield fracture toughness values.  As 

summarized by Bostrom (1990), investigators have found notch/crack length and pattern 

to have varying influences on fracture toughness/energy: 

 

1) Valentin and Morlier (1982) found, if the notch length is less than 60% of the 

effect length of the specimen, fracture toughness is not effected. 

 

2) Ewing and Williams (1979) determined fracture toughness to be independent 

of notch length. 

 

3) Though there was still some slight evidence of dependence, as crack length was 

somewhat directly related to fracture toughness, Johnson (1973) found fracture 

toughness to be “reasonably” independent of crack length. 
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4) Triboulot et al. (1984) found fracture energy to be independent of notch depth. 

 

5) Blicblau and Cook (1986) found fracture toughness to decrease with increased 

notch depth. 

 

Lau (1990) found an inverse relationship between crack length and critical stress.  In a 

series of tests, where wood members were fully penetrated with nails, Lau also 

determined, on the nail-exit face, cracks were generally 50 to 100% longer than those on 

the entry face, nail diameter was directly related to crack length, and minimum crack 

length occurred between 10 to 20 percent moisture content. 

 

Growth rings also influence crack profile.  Generally, Lau (1990) found crack profiles 

had edges jagged in appearance, matching growth ring patterns: crack length in latewood 

being longer than that in the less dense earlywood.  Plantation-grown wood (fast-growth) 

tended to show greater crack length differences between latewood and earlywood than 

did the natural-grown wood.  As compared to the parallel-to-grain direction, the 

perpendicular-to-grain direction crack surface was usually rugged in appearance.  

Ruggedness was related to growth ring orientation with respect to the nail axis as the 

crack propagated through alternating tangential (latewood and earlywood interface weak 

link) and radial (along ray cell crossings weak link) planes. 

 

As was shown, crack profile identification is significant in its application to fracture 

mechanics, as fracture toughness and fracture energy can be correlated to the profile.  

Inking and digital image correlation/processing are two methods, which have been used 

by past researchers and the author, to identify crack profiles. 

 

2.24  Inking and Digital Image Correlation/Processing 

 

Identification of the crack profile aids the researcher in many ways, including 

correlations with fracture toughness and fracture energy.  Because visually it is difficult 

to measure crack propagation, researchers have implemented a few methods of 
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measurement.  As indicated in research by Boatright and Garrett (1983), after testing, in 

an attempt to identify the crack profile, notched specimens of South African pine (Pinus 

radiata) were slightly flexed and inked.  After the ink dried, the specimen was cracked 

open to reveal the inked profile.  TL and LT orientations were clearly marked by 

conspicuous bowing of crack profiles.  They observed closer spaced rings, located more 

towards the bark side, were denser and, hence, more likely to crack.  Therefore, it is not 

surprising the widest part of the profile tended to be closer to the bark side – due to the 

less dense wood being closer to the pith side. In confirmation, the researchers 

additionally determined that rather uniformly spaced rings (same density) tended to have 

the widest part of the crack profile located in the middle.  

 

Lau and Tardif (1990) developed a method for crack characterization based on digital 

image processing:  crack cavities were stained with black ink, processed and analyzed 

using digital image processing which identified crack profiles.  Additionally, uncracked 

wood absorbed a very small layer of ink relative to the amount of ink absorbed into the 

cracked area.  Schniewind and Lyon (1973) and Wright and Fonselius (1986) employed 

similar inking techniques.  

 

Digital Image Correlation (DIC) is a displacement measuring technique that has been 

developed to obtain displacement and displacement gradients (Samarasinghe and 

Kulasiri, 1999).  Undeformed surfaces can be then tracked through their deformation 

history. 

 

There are shortcomings to these techniques, such as the possibility of insufficient ink 

penetration into the crack.  However, crack profile identification methods provide 

additional data to the researcher to enable an overall improved interpretation of different 

types of data sets. 
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2.25  Morphology of Wood in Fracture 

 

To more fully understand macroscopic fracture of wood, it is necessary to also 

comprehend microscopic evidence of fracture.  The morphology of wood enables a more 

complete understanding of the two primary fracture orientations (TL and RL) for Mode I 

fracture, as well as the other four orientations.  The composition of the cell structure, 

primarily the three major wood polymers of cellulose, hemicellulose and lignin 

(Bergander and Salmen, 2002), cause a brittle or a more ductile and an intracellular or 

intercellular failure to occur.  Additionally, growth rings composed of latewood 

(summerwood) and earlywood (springwood) contribute to course of the failure path. 

 

Youngs (1957) studied in-depth perpendicular-to-grain (radial and tangential) stresses for 

red oak.  It was determined that tensile properties, to the most part, are greater for radial 

loading than loading in the tangential direction.  (Also, loading at 45o to the growth rings 

yielded similar values to those obtained for tangential loading.)  The lower tension values 

for tangential and 45o loadings were attributed to the characteristic large rays in red oak.  

Failure for radial loading occurred in the larger earlywood cells, as this loading was 

parallel to ray planes and supported by relatively thick cells walls and vessels.  Lastly, 

Youngs determined the elastic modulus to be double that for radial loading, when 

compared to tangential and 45o loadings. 

 

The three basic polymers, which comprise wood cell walls, are of interest in the 

determination of cell wall properties.  Because cellulose fibrils in fiber are somewhat 

aligned with the grain in the thick S2 layer, properties parallel-to-grain are well known.  

Fibrils in S1 and S3 layers, however, are oriented in a direction perpendicular to the 

tracheids’ longitudinal axis.  Due to the lack of knowledge of hemicellulose and lignin 

elastic properties, a lack of information exists for perpendicular-to-grain properties.  

Bergander and Salmen (2002) found hemicellulose to influence strength properties 

perpendicular-to-grain more than lignin’s orthotropy. 
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 In the microscopic sense, Vasic et al. (2002) and other researchers showed most wood 

fracture surfaces to have a very rough terrain. As noted by Ifju (1964), Klauditz (1952 

and 1957) noted that wood’s tensile strength is to a large part dependent on cellulose 

content and lignin’s crushing strength.  It is well-known, during the dry season, relatively 

stiff thick-walled latewood (summerwood) tracheid cells contribute to the strength and 

stiffness of the wood, while, during the more wet growing season, more flexible thin-

walled earlywood (springwood) tracheids with large lumina function primarily as a 

transportation system for water and minerals.  Like all woods, spruce not only contains 

longitudinally arranged but also radially oriented ray parenchyma cells (Tan et al., 1995), 

which are again transportation vessels for sap. 

 

Morphological aspects affect mechanical properties of fracture.  Depending on which 

plane is considered, RL versus TL, fracture toughness values are different and can be 

substantially explained by consideration of the morphology of wood.  Differences in 

crack propagation resistance between the RL and TL orientations are partially explained 

by the presence of rays. RL fracture, which is perpendicular to ray planes, is typical with 

fiber pull-out or buckling, which effectively increases the amount of fracture energy 

(Boatright and Garrett, 1983).  In the RT system, latewood resistance effects are usually 

nonexistent, and ray orientation does not aid in increasing fracture toughness (Wright and 

Fonselius, 1986).  TL fracture is generally intercellular, where less energy is consumed in 

the fracture process due to the smaller surface area, though intracellular failure is also 

possible due to thin cells wall in earlywood; additionally, transverse cell failure is also 

possible due to weakening effects as tracheids cross rays (Boatright and Garrett, 1983). 

 

Two other reasons for differing crack paths are structural heterogeneities and different 

curvatures of growth rings.  A crack does not remain parallel to a ring, but, instead, 

extends through to the next annual ring in a zigzag pattern (Stanzl-Tschegg et al., 1994). 

 

Propagation of cracks may also be classified as intracellular or intercellular, whereupon 

intracellular fracture requires more energy.  Cracking classification may depend on 

fracture rate, wood density, growth rings and cell wall thickness.  For TL specimens in 
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Modes I (opening mode) and II (longitudinal shear mode), DeBaise and co-workers 

(DeBaise et al., 1966; DeBaise, 1972) have maintained that slow crack growth is 

principally intercellular (between cells is lignin) while rapid failure is primarily 

intracellular (more energy required due to presence of cellulose, which is stronger than 

lignin, in the secondary cell wall).  DeBaise (1972) found that intracell fracture was 

usually observed in RL, RT, LT and LR modes of less dense wood, with ρ/ρs < 0.2, as 

well as earlywood of higher density wood (Conrad et al., 2002), where ρ is wood density 

and ρs is the density of cell wall material (typically, 94 lbf/ft3 or 1500 kg/m3).  A study by 

Boatright and Garrett (1983) indicated, in accord with the review by Dinwoodie (1975), 

microstructure plays a dominant role in determining if the failure will be intercellular or 

intracellular.  Larger cells with generally thinner cell walls exhibited intracellular failure 

and smaller KIc values than those containing small cells, where fracture was 

predominately intercellular.  Also, experiments by Kellog and Ifju (1962) and Ifju (1964) 

demonstrated that smaller celled specimens had higher fracture toughness values than did 

larger celled specimens, which had great deformation prior to fracture (Kanninen et al., 

1977; Boatright and Garrett, 1983). 

 

Mechanical properties of latewood and earlywood influence crack propagation behavior.  

Thuvander et al. (2000) observed that the tangential modulus of the latewood layers is 

about 20 times greater than earlywood’s tangential modulus.  In less dense earlywood, for 

the tangential direction, strains were well distributed in all directions, while for thick-

walled small-celled latewood, strains were primarily confined to the radial direction.  It 

was also indicated that more energy is dissipated during TR fracture than TL fracture. 

 

Wood cell alignment influences fracture behavior.  A study by DeBaise et al. (1966) 

noted that, for fracture in the RL plane, tracheids are aligned in radially homogeneous 

oriented rows of cells that are responsible for an orderly stable fracture.  However, in the 

TL plane, fracture is more rugged due to a more imperfect cell alignment in tangential 

rows, and, to generate minimum energy, cell walls are fractured.  DeBaise et al. (1966) 

also indicated rapid fracture was found to be initiated along the grain at discontinuities 

(ray crossings and ends of tracheids). 
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In an attempt to gain reasonable fracture toughness values, unstable cracking is 

acceptable.  However, when determining satisfactory fracture energy values, the cracking 

rate must be controlled in a much more stable manner.  Some mechanisms will retard 

crack growth, while others will promote it.  In studies by Vasic and Smith (1996a), brittle 

failure at maximum load was observed for spruce specimens, and it was concluded that, if 

the failure plane was completely within the earlywood layer (RL system), fracture 

consistently occurred in an unstable mode along a smooth failure surface.  Due to 

curvature of growth ring, latewood is encountered along the fracture path, and associated 

favorable ray planes, adding to the heterogeneity, may tend to cause stable fracture.  

Under the testing conditions, tensile strength of spruce in the TL system was lower than 

the RL system (Vasic and Smith, 1996a, 2002) due to more flaws along rays, which 

promoted fracture in the TL orientation.  These dampening mechanisms (bridging, ray 

crossings, etc.) retard the occurrence of brittle failure, and when these conditions prevail, 

then Irwin’s LEFM model is invalid (Bao and Suo, 1992). 

 

2.26  Modulus of Elasticity 

 

The modulus of elasticity is the ratio of stress to strain in the linear elastic region of a 

stress-strain curve, but the moduli of elasticity for TL and RL propagation are not the 

same.  Schniewind (1962) noted that both the modulus of elasticity and maximum tensile 

strength values were much greater in the radial than tangential direction.  Zahn (1991) 

determined the modulus of elasticity parallel-to-grain to be 20 times that perpendicular-

to-grain, which is supported by data from the Wood Handbook (Forest Products 

Laboratory, 1987), but omitted for use in the NDS® (AF&PA, 1991a). 

 

The moduli of elasticity for the orthotropic wood were calculated according to Sih et al. 

(1965): 

 

For the linear case, 

 

G = K2/E     where   1/E = (A11A22/2)1/2[(A22/A11)1/2 + (2A12 + A66)/2A11]1/2            (2.72) 
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A11 = 1/EL       A22 = 1/ER      or    A22 = 1/ET 

 

A12 = -vLR/ER   or   A12 = -vLT/ET    A33 = 1/GLR   or   A33 = 1/GLT 

 

Hence, 

 

1/ETL = (1/2ELET)1/2[(EL/ET)1/2 + EL/2GLT – vTL]1/2                                (2.73) 

 

1/ERL = (1/2ELER)1/2[(EL/ER)1/2 + EL/2GLR – vRL]1/2                               (2.74) 

 

Because the modulus of elasticity is different for both perpendicular-to-grain and 

parallel-to-grain loadings as well as fracture orientations, weaker planes of fracture are of 

primary importance in the analysis and design of members, connections and structures.  

Due to its sensitivity toward splitting (due to anisotropy/orthotropy), the selection of the 

most appropriate modulus of elasticity is critical, and not doing so could result in the 

failure of the component or structure due to strength or stiffness related causes. 

 

2.27  Other Important Parameters 

 

Several other important parameters affect the fracture toughness, stress intensity factor 

and connection stiffness and strength.  These are earlywood/latewood, moisture content, 

size effect, thickness effect, crack velocity, loading speed, temperature, density/specific 

gravity.  By not considering the most critical variables, a problematic design is achieved.  

As summarized by Kharouf et al. (1999), the variability and the inconsistency of test 

results are mainly due to the effects of microstructure (Cote and Hanna, 1983; Ashby et 

al., 1985), thickness (Barrett, 1981; Boatright and Garrett, 1983; Stanzl-Tschegg et al., 

1995), moisture content, and temperature (Petterson and Bodig, 1983; Smith and Chui, 

1994). 
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In his research, Youngs (1957) determined, as temperature increases between 80o and 

180o F and moisture content increases between 6% and the fiber saturation point (FSP), 

wood properties are reduced linearly and curvilinearly, respectively.   Additionally, he 

found wood properties to be permanently unrecoverable due to heat application, such as 

kiln drying, and creep and stress relaxation increased with an accompanying increase in 

temperature, moisture content or initial stress. 

 

For nailed joints, Girhammar and Andersson (1988) found joint behavior to be related to 

wood species, geometry, moisture content, the interlayer gap in the joint members, and 

loading or deformation rate.  Deformation rate effects are substantially greater for wood 

(bearing resistance) than steel (bending resistance), and thin member joints are sensitive 

to wood deformation at capacity, while thick member joints are more dependent upon a 

combination of both wood bearing and dowel bending.  Additionally, bearing strength of 

wood parallel-to-grain is more sensitive to an increase of deformation rate than the 

bearing strength of wood perpendicular-to-grain (Girhammar and Andersson, 1988). 

 

Crack velocities will affect fracture behavior.  Mai (1975) determined, at low crack 

velocities (< 1 mm/sec), tangential planes were smooth, while radial planes were rough 

with evidence of bridging, which effectively toughened the fracture path.  However, at 

high velocities (>5 mm/s), both fracture planes were similar and relatively smooth with a 

very slight difference for Jc (RL slightly higher than TL direction). 

 

Defects also cause changes in connection behavior.  In his research, Barrett (1981) found 

for a similar geometry and loading, larger members have a lower strength than smaller 

members.  This “size effect” assumes that larger members have a much higher probability 

of containing significant defects, such as knots, holes, checks, shakes, splits or resin 

(pitch) pockets, than smaller members.  Therefore, there is a higher likelihood for larger 

specimens to fail given a proportional load exists. These defects may occur during the 

natural growth period of a tree or due to typical manufacturing/construction causes.  

Models incorporating size effects, such as Weibull’s “weakest-link” model, can be used 

to address brittle behavior (Barrett, 1981). 
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In general, mechanical properties of wood, including brittleness, tend to increase at lower 

moisture contents, while cyclic conditioning of wood is a more complex problem (Bodig 

and Jayne, 1982).  Bostrom (1990) noted the importance of establishing a record for 

moisture content during testing.  However, it appears that many tests are without 

sustaining value, as moisture contents were not properly recorded.  Furthermore, wood 

conditioning can lock-in residual stresses, which are likely not accounted for in the 

development of models incorporating moisture content and specimen thickness variables 

(Bostrom, 1990).  Ishimaru et al. (2001) determined that moisture conditioning (sorption 

hysteresis) is an intermediary phenomenon, and the knowledge of the conditions at which 

adsorption/desorption process initiated is of critical importance. 

 

Bostrom (1990) summarized much of the work, which demonstrated variability in 

importance of parameters: 

 

1) Ewing and Williams (1979) completed a series of experiments to establish the 

influence of thickness and moisture on fracture toughness of Scots pine.  Fracture 

toughness was constant up to 10 mm thickness, whereupon at greater values, 

toughness decreased, likely due to the size effect.  If the specimen is thicker than 

10 mm, fracture toughness will decrease.  Additionally, fracture toughness 

increased from an MC of 20% to 10% but decreased when the MC is below 10%.  

Also, it was determined that decreased fracture toughness was typical because of 

radial cracking due to residual drying stresses (Ewing and Williams, 1979; Sobue 

et al., 1985). 

 

2) Boatright and Garrett (1983) found fracture toughness for thin Radiata pine TL, 

RL and LT specimens, no greater than 5 mm, to vary widely with no valid trend, 

while larger specimens appeared to have a constant fracture toughness. 

 

3) According to the investigation made by Riipola and Fonselius (1988), fracture 

toughness is not very dependent on specimen thickness. 
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4) In an experimental series made and referred to by Bostrom (1990) on pine with 

compact tension (CT) specimens, it was difficult to draw conclusions regarding 

dependency of fracture toughness on thickness of the specimen. 

 

5) Fonselius (1986) found that fracture toughness was directly related to specimen 

size, which is contrary to the “size effect” principle. 

 

6) Bostrom (1990) determined that fracture energy increased significantly with 

the increasing size of the specimen, which is to be expected.  He also found that 

fracture toughness decreased with increased size. 

 

7) According to tests by Petterson and Bodig (1983), in a general sense, fracture 

toughness decreased with increased moisture content for most species tested.  

This is expected, as the modulus of elasticity decreases with increasing moisture 

content, and, for linear elastic material, J and KI are codependent based on J = 

KI
2/E. 

 

8)  Bostrom (1990) noted that fracture toughness is based on the crack 

propagation load (maximum load or slightly less), while fracture energy is based 

on the area underneath the load-deformation curve.  However, upon a condition of 

increased moisture content, the area under the load-deformation curve is expected 

to increase, while the fracture toughness-based load likely will decrease. 

 

9) Riipola and Fonselius (1988) found that J-values did not significantly change 

due to crosshead speed. 

 

10) Blicblau and Cook (1986) found loading speed to affect fracture toughness. 

 

From the aforementioned research, Bostrom (1990) surmised, based on the varying 

results of the aforementioned researchers, that conclusions can not be taken for face 

value, but can be implemented with due concern. 
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Moisture content and temperature considerations are also necessary.  DeBaise et al. 

(1966) found crack surface features to be dependent upon the effect of moisture content 

and temperature on unstable crack propagation.  The researchers determined, in the 

presence of relatively high temperature and MC, deformation characteristics are rather 

viscoelastic, while the opposite yields a more brittle and unstable fracture.  Longworth 

and McMullin (1963) explained the primary cause of strength increase of wood caused 

by lower moisture content.  Moisture is absorbed by cell walls and retained in the walls 

and cavities, and, upon saturation of cell walls with accompanying empty cavities, the 

condition is referred to as the “fiber saturation point” (usually between 25% and 35% 

MC).  Cell walls will not lose moisture until cavities are completely empty, and then, as 

the cell walls lose moisture, strengthening of the wood structure occurs. Markwardt and 

Wilson (1935) noted that two primary strength-related phenomena are pivotal due to 

moisture loss:   (1) stronger and stiffer wood, and (2) increased specific gravity due to 

wood compaction from shrinkage.  

 

Later, Rammer and Winistorfer (2001) noted that ultimate tensile strength parallel- and 

perpendicular-to-grain, attained maximum values at an MC between 7% and 13%, and, 

for MC less than 7%, these two strength properties decreased.  Kretschmann, et al. (1990) 

found the MC critical value to be 8%; additionally, the researchers found Mode I fracture 

toughness was directly related to specific gravity, but the slope of this relationship was 

MC-dependent.  Petterson et al. (1981) showed maximum strength for a few species of 

wood to occur at a 10% MC, whereas other species were not sensitive to MC change 

(Ewing and Williams, 1979).  Schniewind (1962) found that tensile strength properties 

perpendicular-to-grain are relatively linear from 6% MC to the fiber saturation point.  

However, he found a linear relationship is dependent upon species, temperature and 

property being tested, and, in the case of tension perpendicular-to-grain, a quadratic 

equation more closely described the relationship. 

 

Lau (1990) found that fracture mechanics methods are dependent upon initial crack size, 

induced by driving of nails, and crack size is dependent upon fastener size, type and 

spacing, wood species and MC.  Due to the nature of wood after being driven by nails, it 
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is a logical extension that similar results will be achieved with any driven fastener, 

including lag and wood screws. 

 

In the excellent summary of researchers’ work, provided by Patton-Mallory and Cramer 

(1987), it was noted that crack propagation is dependent upon the amount of stress decay 

away from the crack.  As found with strength properties, critical stress intensity is 

dependent upon specific gravity, MC, test method and size effect (Ewing and Williams, 

1979; Schniewind et al., 1982).  Wilkinson (1991) investigated bearing strength of nails 

and bolts.  From his studies, it was found that bolt bearing strength parallel-to-grain is 

reliant upon specific gravity only, whereas, when loaded perpendicular-to-grain, specific 

gravity and diameter were both concerns.  On the other hand, regardless of bearing 

direction, and likely due to the relative smaller size of nails, its bearing strength is 

dependent only on wood specific gravity. 

 

Wright and Fonselius (1986) found specific gravity and grain direction relative to load 

direction to be the two primary variables for TL and RL fracture, which can cause 

differing results with respect to fracture toughness.  Additionally, the researchers found 

size effect, loading rate and MC effects upon fracture toughness to be insignificant, 

although some sensitivity was evidenced with moisture gradients. 

 

Winistorfer (1995) noted that the NDS® (AF&PA, 1991a) values for dowel bearing 

strength were derived from work by Wilkinson (1991), and, for clear, straight-grained 

wood, specific gravity and proportion of latewood to earlywood were significantly related 

to mechanical properties of wood (Forest Products Lab, 1987).  Furthermore, the 

determination of density included the relative proportions of earlywood to latewood.  

Jorissen (1998) found, upon inspection of about 400 specimens, annual ring width was 

not directly related to load carrying capability, but embedment strength and density were 

correlated to load carrying capacity.  He also noted that an earlier test showed no direct 

relationship between annual ring width and density. 
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It is well-known, perpendicular-to-grain strength is low for both tensile and compressive 

cases - typically between 5 and 10 percent of parallel-to-grain strength (Osherovich, 

1955; Strickler and Pellerin, 1973; Madsen, 1975).  Schniewind and Lyon (1973) and 

Barrett et al. (1975) found wood grain direction to significantly impact fracture toughness 

values, and Blicblau and Cook (1986) determined density (specific gravity), moisture 

content, and type and size of wood specimen to influence KI. 

 

As determined by Cline (1908), Tiemann (1908), Garrett (1931), Rance (1948), Liska 

(1955), Markwardt and Liska (1955), James (1962), Panshin and De Zeeuw (1970), 

Cousins (1974), and Blicblau and Cook (1986), test speed increases the apparent strength 

of wood.  Additionally, strength was also determined to be affected by direction of the 

wood grain, specimen configuration, notch depth and mode of test.  Deformation of wood 

to ultimate failure is comprised for both elastic and inelastic components.  Upon increase 

of loading rate, elastic resistance dominates.  Otherwise, if load rate decreases, inelastic 

mechanisms control the response of the wood (Wood, 1947; Noren, 1954; Markwardt and 

Liska, 1955). 

 

Based on a Maxwell model for wood, Ylinen (1962) showed that a constant rate of 

deformation gives a lower capacity value than does a constant rate of force application.  

Brokaw and Foster (1958) observed “the unit deformation of the material is essentially 

constant, regardless of rate of loading.”  In his studies of cellulose and plastic material, 

Skelton (1970) found that a strain rates of 1% per second and greater had considerably 

smaller effects on tensile stress than did temperature.  Hence, Palka (1973) surmised that 

load rate is not significant in the testing of wood. 

 

Testing machines also impact results achieved during tests.  At a relatively high testing 

rate, due to the machine’s inertia, the machine response may be too slow to provide 

accurate measurements of the true response (Markwardt and Liska, 1955). A stiff loading 

machine will aid greatly in the pursuit of adequate measuring.  As set forth in Stanzl-

Tschegg et al (1995), Zikmunda (1992) noted the importance of a stiff loading machine.  
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Additives and preservatives have varying effects on the mechanical properties of wood, 

which affect fracture.  Because coal-tar derivatives are inert, strength properties for 

composites are not affected to a great extent, while incising and preservative treatment 

can reduce mechanical properties up to 3% and 10%, respectively (Wangaard, 1950).  

Luxford and MacLean (1951), on the other hand, noted that the high temperature/pressure 

used in the impregnation process might have the effect of slightly reducing strength 

properties. On the other hand, Bodig and Jayne (1982) noted, due to waterborne 

preservatives and preservatives soluble in volatile oils and organic solvents, which react 

with cellulose and other organic elements that form wood, mechanical properties of wood 

are adversely affected.  They also noted that application rate and pressure could have an 

additional undesirable impact on wood’s mechanical properties (Bodig and Jayne, 1982).  

Fire retardant treatments also adversely effect the properties of wood.  The most effective 

treatment is to apply the retardant under pressure.  However, along with this increased 

protection comes a cost in reduction of mechanical properties as much as 20% (Jessome, 

1962; Gerhards, 1970; Bodig and Jayne, 1982). 

 

Loads are not typically applied parallel or perpendicular to the wood’s grain, but instead 

at varying angles to the grain.  In order to calculate the strength of a joint for a lateral 

load applied at any angle to the grain, an empirically derived interaction formula was 

developed.  This is the Hankinson formula: 

 

N = 
θθ 22 cossin QP

PQ
+

                                                   (2.75) 

 

where, 

P = resistance parallel-to-grain 

Q = load perpendicular-to-grain 

θ = angle between direction of load and grain direction  

 

Smith (1980) noted the work by Trayer (1932) on bolted joints showed proportional limit 

loads to be in accord with the Hankinson formula, while work by Kuipers and 
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Vermeyden (1965) with split-ring connectors showed Hankinson’s formula to adequately 

predict capacity. 

 

As can be seen, many varied factors affect the mechanical properties of wood, which, in 

turn, impact wood performance in the event of fracture.  An understanding of these 

variables will aid the researcher in applying the acquired knowledge to fracture problems. 

 

2.28  Issues for Nails, Lag Screws and Bolts 

 

2.28.1  General 

 

Capacity and other measures of lateral loads, measured at different slips for 

mechanically-attached wood joints, vary for identically sized bolts, lag and wood screws 

and nails.  This is due to the unique behavior of each connection type, as well as the 

natural variability of wood.  Of particular interest are group action, fastener penetration, 

effect due to grain direction with respect to load direction, spacing, edge and end 

distances, specific gravity (growth rings, density and species), side member, lead holes, 

fastener end fixity, and friction. 

 

2.28.2  Nails 

 

In the past, the allowable load for a group of nails was taken as the product of the 

allowable value for a single nail and the number of nails in the joint.  It is assumed, due 

to apparent equal deformation, a lateral load is shared equally between nails of the same 

joint (Thomas and Malhotra, 1985).  Lantos (1969), however, showed that bolts in a row 

do not share an applied lateral load equally.  Because nails and bolts have quite different 

fastener slenderness, length to diameter (l /d) ratio, a difference between joints comprised 

of nails or bolts is expected.  However, Thomas and Malhotra (1985) showed that nail 

joints, in fact, do exhibit some amount of group action, and, hence, a single nailed joint 

will behave differently than a joint comprised of more than one nail in a row.  Hence, a 

modification factor, CN, was developed to account for this discrepancy. 
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Joint behavior and capacity are dependent upon penetration into the main member.  As 

Soltis et al. (1987) noted, nail lateral design criteria prior to the 1991 NDS® (AF&PA, 

1991a) were based on strength at a deformation of 0.015 in. and a minimum penetration 

into the main structural member.  However, at present, connection design is based on 

Yield Theory, which was originally introduced by Johansen (1949).  Additionally, prior 

to 1991, there was no difference between allowable lateral values for nails, whether the 

load was applied parallel- or perpendicular-to-grain, and minimum nail penetration into 

the main member was held to be at least 10 diameters for dense woods (SG greater than 

0.61) and 14 diameters for lightweight woods (SG less than 0.42) (Soltis et al., 1987).  

Contrariwise, several researchers (Mack, 1960; Foschi, 1974; McLain, 1976; Chu, 1978) 

have found perpendicular-to-grain nail connection strengths 15 to 20% lower than that for 

parallel-to-grain nail connection strengths, while McLain (1976) found perpendicular- 

and parallel-to-grain nail connection strengths were indistinguishable at small 

deformations (about 0.01 in). 

 

Distances between nail and member edges and ends are of importance in order to attempt 

to control splitting.  McLain (1976) suggested that nails not be driven any closer to the 

edge than half the member’s thickness and no closer to the end than the member’s 

thickness.  With respect to perpendicular- and parallel-to-grain strengths for connections 

with wood screws and lag screws, Soltis et al. (1987) determined that virtually no data 

existed to compare the two; therefore, for these two different stress conditions, the same 

mechanical values continue to be implemented by designers. 

 

Winistorfer (1995) confirmed no real difference between dowel bearing strength values 

for tangential and radial directions, an absence of adequate correlation between number 

of growth rings per inch and dowel bearing strength, and the adequacy of Wilkinson’s 

1991 relationship between bearing strength and specific gravity. 
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2.28.3  Lag Screws 

 

Because lag screws are the fasteners tested in this work, lag screw information is of 

primary importance.  Lag screws, commonly called lag bolts, are used quite extensively 

throughout the world to connect at least two members (side and main) together.  

Generally, lag screws are less costly than bolts in connecting two components and do not 

respond as adversely to shrinkage effects.  Additionally, because the hole diameter for a 

bolt is usually larger than the bolt shank, the net section of a bolted member is less than 

that for a member using lag screws (Larsen and Reestrup, 1969).  The purpose of a lag 

screw is twofold:  (1) resist lateral load and (2) resist withdrawal load (produced by axial 

tension in the lag screw). 

 

According to the American Society of Mechanical Engineers (1996), minimum thread 

length should be the lesser of 6 in. or one-half the nominal screw length plus 0.5 in.  Lag 

screw dimensions and thread characteristics are included in Appendices J, K and L of the 

thesis by Carroll (1988). 

 

In lateral resistance, a lag screw functions very much like a bolt in holding the members 

of a joint in place.  As noted by Newlin and Gahagan (1938), two distinct differences 

exist between a lag screw and a bolt:  (1) the threaded portion of the lag screw, in lieu of 

a nut, is to provide holding strength and (2) lag screws are not uniform in diameter along 

their length.  Because a nut secures the bolt, length of the fastener is typically not a 

concern; however, lag screws require a certain amount of embedment to resist withdrawal 

loads.  With respect to load transfer mechanism, threads of lag screws take a more active 

part and can possibly shear if subjected to excessive load (Larsen and Reestrup, 1969). 

These differences between bolts and lag screws require lag screws to be treated 

differently than bolts, but it has been documented that behavior of lag screws is still 

somewhat similar to that of bolts.  As such, recommended spacing, end and edge 

distances for lag screws are identical to that for bolts (Wood Engineering and 

Construction Handbook, 1999). 
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Additionally, from their test results, Newlin and Gahagan (1938) observed the following: 

 

1) Proportional limit loads varied as the square of the screw diameter, remained 

constant until slenderness is less than five, and were 25% higher using steel side 

plates than wood side plates, while steel side plate thickness had an insignificant 

effect. 

 

2) Prebored pilot hole sizes for larger screws had a significant beneficial effect on 

lateral loads, while little effect was observed for the prebored holes with smaller 

screws in the softer species, lubricant (e.g., soap) should be used with the screws, 

particularly with the denser species, to facilitate driving and minimization of 

screw damage. 

 

3) A ratio of wood side plate thickness to lag screw diameter up to about 3.5 to 1 

yielded relatively erratic proportional limit loads, while ratios 3.5 to 1 up to 7 to 1, 

showed considerable proportional limit load increase, but, beyond 7 to 1, the rate 

of load increase rapidly diminished. 

 

Akamatsu (1990) confirmed item (3), and also noted that once no increase in load is 

achieved at a particular screw length, the use of a screw of greater diameter will increase 

the load only slightly.  Additionally, he found that lateral load varied linearly with 

specific gravity. 

 

As with nails, adequate spacing between lag screws and end and edge distances for lag 

screws is critical.  McLain (1992) determined that allowable connection capacity is not 

based on serviceability requirements or brittle fracture of joints or any other mechanism 

not described by Yield Modes I, II, III and IV.  By observing adequate spacing and end 

and edge distances, brittle failure and other undesirable modes of failure can be 

minimized, and the likelihood of a more ductile type failure is increased.  
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2.28.4  Bolts 

 

The lateral load distribution to a group of bolts is widely agreed to be unequal for each 

bolt in a connection.  As Moss (1997) pointed-out, upon application of lateral load, end 

fasteners take more load than interior fasteners.  Also, load distribution was postulated as 

being based on relative stiffness, main and side member aspects and fabrication. As a 

result, to account for the group action effect, a row modification factor was introduced in 

many timber design codes, including the NDS® (AF&PA, 1997). 

 

Bolt design methodology was revised from initial procedures to contemporary 

procedures.  Moss (1997) indicated, prior to acceptance of the Yield Model in 1991, 

bolted joint design was based on results from research.  Values in the NDS® (AF&PA, 

1991a) utilized the mainstay of connection theory in Europe, the Yield Model (Johansen 

1949).  Trayer’s research centered around tests of steel side plate joints, incorporating 6.5 

to 25 mm diameter bolts for parallel-to-grain loads and 12.5 mm diameter bolts for 

perpendicular-to-grain loads.  Empirical curve fit for three softwood species (parallel-to-

grain) and five softwood species (perpendicular-to-grain) were performed. 

 

Additionally, Trayer hypothesized, due to bolt misalignment in holes, only one bolt 

would take the initial load (Trayer, 1932; Moss, 1997).  Hence, the initial load slip curve 

was expected to consider only one bolt, but, as more deformation occurred during 

loading, additional bolts took-up their own slack and bore upon the wood, causing a 

stiffening effect of the load-slip curve. 

 

Present day spacing and end and edge distances are still largely based on Trayer’s (1932) 

recommendations (Moss, 1997).  To date, little work has been carried-out to determine 

the effects of fastener spacing and end and edge distances.  Present day design of bolted 

connections is not conservative as expected, because it does not address adequately the 

variability of wood and fabrication of bolted joints (Wilkinson, 1986). 
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For bolts, Madsen (2000) summarized some of the important effects of bolt geometry 

criteria based on work by Jorissen (1998): 

 

1) The influence on the load carrying capacity is significant for smaller end distances 

(smaller than 5D). Large tension perpendicular-to-grain stresses developed at the 

end of a member, with insufficient end distance, is likely to cause brittle end 

splitting, while connections with end distances of 5D and more are more likely to 

split near the bolt hole.  

2) Bolt spacing is the most significant factor for load capacity.  As evidenced by the 

high correlation between spacing and capacity, spacing influence was consistent 

for different slenderness ratios, and spacing did not affect scatter of data. 

3) Lastly, the influence of number of fasteners, number of rows, bolt slenderness, 

and loaded end distance has a less pronounced effect than spacing. 

 

Chiang and Rowlands (1991) predicted wood joint failure to be insensitive to edge 

distances greater than 1.5 diameters, while Wilkinson and Rowlands (1981) reported the 

lack of edge distance effect on radial stresses with an edge distance of at least 1.5D; 

additionally, these distances showed no effect on tangential stresses for edge distances 

greater than 2D. 

 

Insignificant amounts of research have been done regarding bolt head fixity.  Effects of 

fixity of the bolt ends are due to several causes, including applied load, side member 

material, bolt diameter, and size of nuts and washers.  Specifically, thin steel side 

members provide only nominal resistance to bolt head rotations during lateral load 

application (Humphrey and Ostman, 1989; Heine, 2001).  Anderson (2001) showed that 

though a Mode III condition is expected with some bolted connections, end fixity 

provided by nuts and steel side plates changed the distribution of moment, thereby 

creating a Mode IV condition with two plastic hinges. 

 

Recently, Heine (2001) and Anderson (2001) undertook significant work with respect to 

the group action effect for bolts.  Heine (2001) determined that the group action effect is 
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inversely related to fastener spacing, and the effect with respect to limit state design is 

different than design based on the proportional limit.  He also found, as more bolts are 

added to a connection (beyond 2 bolts), the group action effect per bolt decreases.  This 

was attributed to the member strain effect on group action due to wood’s stiffness 

parallel-to-grain and inelastic load redistribution as wood crushes.  Heine proposed that 

the minimum spacing of fasteners should be 7D for connections to reach the highest 

design capacity.  Of course, the NDS® and LRFD specifications for wood construction 

require the loaded end parallel-to-grain to also include an end distance of 7D.  He also 

found that material property variation was not significant for multiple bolt connections 

loaded uniaxially, while, on the other hand, this variation was significant for multiple bolt 

connections loaded cyclically. 

 

Through his experimental studies, Anderson (2001) found that the group action effect for 

connections when based on capacity was significant, particularly when one to three bolts 

were used; however, as the number of bolts in the connection increased, the group action 

effect changed very little.  He determined that there was little interaction between bolt 

rows, based on 4D spacing within a row.  Connections based on 5% offset yield strength 

are implicitly based on many variables and limited by the capacity; therefore, his results 

were inconsistent.  He concluded that group action for 5% offset yield might be 

dismissed with possibly only minor adjustments to the design value.  Anderson also 

found, not surprisingly, that the ductility of a single-bolt connection is much greater than 

the ductility of a multiple-bolt connection, and, as a result, he suggested changes to the 

NDS® with respect to bolt spacing requirements.  He also proposed that the Yield Limit 

Model (YLM) is too conservative with respect to single-shear single-bolt connections 

exposed to cyclic loading; however, testing shows that the YLM may be adjusted to 

predict the 5% offset yield strength for such connections.  Anderson also determined that 

during loading of bolted connections, the yield mode may change from one to another, 

and this was particularly observed for connections where Mode III yield was expected.  

This apparent advancement of yield modes, as discussed above, is due to probable bolt 

head fixity. 


