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ABSTRACT 

This study investigated the fracture behavior of poplar-resorcinol gluebonds and determined the 
respective ranges of applicability of Griffith's brittle fracture theory, Rice's J-integral theoly, and 
Eringen's nonlocal theory. Three-point bending (TPB) specimens of 27 replications for each crack 
length (0, 3.2, 6.4, and 12.7 mm) for a total of 108 specimens were tested in flexure by the bending 
normal-to-glueline method. Circular-bar tension (CBT) specimens of 18 replications were tested in 
tension according to ASTM standard DR97-78. Furthermore, compact tension (CT) specimens of 27 
replications were tested in cleavage for use as a basis of comparison. 

The ultimate bending stress formula corrected for the low span-depth ratio (RJ was found to be 
applicable to a TPB specimen with a crack of various lengths. The Griffith brittle fracture, Rice's 
J-inteeral, and Erin~en's nonlocal theories were all valid in a~plication to poplar-resorcinol joints. - .  - . . . . 
provided that the appropriate adjustments are taken into account. On this basis, fracture toughness 
(K,,) of the joint is approximately 255 kPa\/im. The percentage of interphase failure was found to 
correlate well with tensile strength of the gluebonds, but not with cleavage strength. 

In addition, microscopic examination ofthe glue joints revealed that the adhesive flows mainly into 
the vessels of poplar and that the depth of adhesive penetration depends on gravity. Failure that 
occurredaway from thegluebond in the three-point bendingspecimensalways followeda zone occupied 
by the largest vessels (weakest link). 

Keywords: Cleavage strength, fracture toughness, J-integral, nonlocal theory, wood-adhesive joint, 
trembling aspen. 

INTRODUCTION 

Research on improved utilization of fast-growing wood species has increased 
in many parts of the world in recent years. In Canada, poplar (Populus spp.) is 
one of the fast-growing underutilized hardwoods that currently receives extensive 
investigation. In addition to other projects on poplar utilization at the University 
of Toronto, an investigation on the feasibility of using poplar as laminating stock 
for glued-laminated timber (glulam) is also currently underway (Lepper and Kee- 
nan 1985; Wright and Keenan 1985). The present report discusses one phase of 
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this project, which deals with the assessment of the fracture behavior of side grain 
bonded trembling aspen, one species of the wood collectively referred to as poplar. 

LITERATURE REVIEW 

Parameters for assessing quality of 
wood adhesive bonds 

It has been standard practice for a long time to use shear strength and percentage 
of wood failure from block shear tests (CSA-0112.0) for assessing the quality of 
wood-adhesive bonds. Using this procedure, Bergin (1964) found that trembling 
aspen was moderately easy to glue with resorcinol formaldehyde adhesive. Bergin 
used wood failure percentage as a glueability criterion and pointed out that the 
initial bond strength was not always a reliable indicator of bonding quality. How- 
ever, recent research on using natural products (lignin, tannin, etc.) as adhesives 
revealed that these adhesives tended to develop good strength but low percentages 
of wood failure (Chow 1983). Other researchers have expressed concern about 
the effectiveness of the block shear tests in evaluating adhesive-bond quality. 
Stanger and Blomquist (1965) compared the conventional block shear test to other 
methods (cross-lap tension and cleavage tests) and concluded that the cleavage 
test gave the lowest load-carrying capacity and least percentage of wood failure, 
and consequently had definite advantages over others in evaluating criteria for 
gluebond quality. Later, Gaudert and Carroll (1 974) introduced the bending nor- 
mal-to-glueline (BN) test, which induced cleavage failure through bending stresses. 
By comparing this method to the block shear test and the direct tension normal- 
to-glueline (TN) test, they found that the BN test yielded equivalent results to the 
TN test and appeared to be more closely related to gluebond quality than was the 
block shear test. Keenan et al. (1981) have successfully applied the BN test (Fig. 
la) to examine the bonding strength and durability of gluelines in hot-press &lam 
beams removed from service. 

Because of the promising results of the cleavage mode of gluebond failure, the 
concepts of fracture mechanics have been introduced to evaluate the quality of 
wood-adhesive joints. White (1977) applied the compact tension (CT) test, Fig. 
Ib, to evaluate the effect of resin penetration on fracture toughness of wood- 
adhesive bonds. The sensitivity of the CT test to induced changes of wood and 
glueline properties (density, surface condition, grain angle, glueline thickness) on 
bond toughness was further investigated by Ruedy and Johnson (1979) and White 
and Green (1980). It was concluded that the CT test is applicable to wood-adhesive 
systems. A few years later, Ebewele et al. (1979) evaluated the applicability of 
another fracture test method called the tapered double-cantilever beam (TDCB) 
test, Fig. Ic, to wood-adhesive joints by studying the effects of grain orientation, 
glueline thickness, and cure time on fracture energy. Follow-up work on the 
influences of surface aging and surface roughness on fracture energy was also 
reported (Ebewele et al. 1980). Recently, Dinwoodie (1983) reviewed methods 
for examining bond quality and durability of wood-adhesive joints and pointed 
out that the TDCB test, coupled with the theory of fracture mechanics, provides 
a most effective and sensitive tool for evaluating initial quality and predicting 
durability of bonded joints. 
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RG. 1. Specimen geometry and loading condition oftest methods that have been applied to wood- 
adhesive joints (dimensions are in mm): (a) bending normal-to-glueline test (Keenan et al. 1981): (b) 
compact tension test (White 1977); (c) tapered double-cantilever beam test (Ebewele et al. 1979). 

Concepts offracture mechanics and applications to wood 

1 .  Classical theory (linear-elastic regime). -In classical (or local) theory, a ma- 
terial is regarded as a continuous medium of which the state of stress at any point 
in the body is influenced only by the infinitesimal neighborhood about that point. 
Mechanical behavior is thus represented by relating stress at a point to strain at  
a point. Based on this principle and assuming a linearly elastic isotropic material, 
the concept of linear elastic fracture mechanics (LEFM) was developed (see Lie- 
bowitz 1968). It was first presented by Inglis in 19 13 in terms of a stress concen- 
tration factor (k). For a material having an elliptical crack of length 2c with a 
minimum radius of curvature r and subjected to applied stress ua at a remote 
distance (Fig. 2a), the concentrated stress at the tip (a,) of the crack was given by 
Inglis as: 
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Ro. 2. Griffith's brittle fracture model: (a) an infinite plate containing an elliptical crack of length 
2c subjected to applied stress (sJ showing stress concentration at the crack tip (03; (b) relation of 
fracture stress (sd and half crack length (c) based on Gritlith theory (K,, = fracture toughness, Y = 

correction factor). 

a, = 2ua(c/r)% = ka. (1) 

This equation is obviously not practical when the crack tip is sharp. 
Later in 1920, Griffith introduced an alternative energy-balance approach to 

solve the sharp crack-tip problem. He postulated that the total potential energy 
(U) of an infinite plate containing a crack (Fig. 2a) equals the summation of the 
strain energy of an uncracked body (aaV2E), the strain energy released due to the 
introduced crack (~a.~c'/E'), and the increase in energy according to surface tension 
of the crack surface (4yc): 

U = '/za,Z/E - (RU,ZC~/E') + 4yc (2a) 

At equilibrium (a critical condition just prior to crack propagation), a, approaches 
fracture stress (a,) and duldc = 0. Eq. (2a) becomes the so-called Griffith fracture 
criterion as: 

ra,2c/E1 = 2y (2b) 

where E' equals E for plane stress, and is E/(1 - v2)  for plane strain (E = Young's 
modulus, v = Poisson's ratio); y = surface tension energy. Although this expression 
contains no radius of curvature (r), the assignment of y for a solid surface is not 
as practically obvious as in a liquid. 

Griffith's theory became practical when Orowan in 1955 and Irwin in 1957 
independently introduced the idea in refinement of the concept to include a dis- 
sipative energy due to plastic work at the crack tip. Irwin defined fracture behavior 
of a material in three modes: Mode I (opening or cleavage mode), Mode I1 (sliding 
or forward shear mode), and Mode I11 (tearing or transverse shear mode). By 
considering the energy balance at the vicinity of the crack tip (instead of for the 
whole body as employed by Griffith) for the Mode I fracture, Irwin introduced a 
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constant, G, to represent the work flowing from the body into the crack front in 
order to extend the existing crack (strain energy release rate or crack extension 
force). At the critical condition, G becomes GI,, which can be expressed as: 

The right side of Eq. (3) reflects fracture resistance of a material (7, = dissipative 
energy due to plastic deformation). Consequently, GI, is called "fracture tough- 
ness" by Irwin. He pointed out that if the size of the plastic deformation zone at 
the crack tip is very small compared to the crack length, then 7, can be ignored. 
This important point justifies the applicability of the Griffith theory to practical 
engineering materials and implies the equality of Eqs. (2b) and (3): 

Irwin further simplified this relation by introducing K as a material constant called 
"stress intensity factor" to relate the asymptotic expression of a, and c as: 

KIc = = a r 6  (5) 

This equation was then modified for a specimen of finite geometry to take the 
form: 

where Y is a correction factor accounting for specimen geometry and loading 
condition (including \h). It should also be kept in mind that Eq. (6) is applicable 
only to brittle fracture or to a material having a negligible amount of plastic 
deformation at the crack tip. For the specimen containing a very small crack, 
however, the level of maximum stress is beyond the elastic limit. The plastic 
deformation is therefore large enough to invalidate Eq. (6) in the same manner 
as a short column nullifying the applicability of the Euler buckling formula (Rolfe 
and Barsom 1977) as shown by a dotted line in Fig. 2b. 

Although wood is an anisotropic material, crack propagation in the cleavage 
mode in wood is always along the grain and can be approximated as being iso- 
tropic. The validity of Eq. (6) was verified for green eastern black spruce by Atack 
et al. (1961) and for dry western redcedar by Johnson (1973). They found the 
same relationship: 

and concluded that the Griffith-Irwin concept is approximately applicable to 
cleavage fracture in wood. The concept was successfully applied to wood-adhesive 
systems as mentioned earlier (White 1977; Ebewele et al. 1979; Ruedy and John- 
son 1979). Presently, a great deal of literature on this topic has been published 
mostly concerning solid woods. 

2. Classical theory (elastic-plastic regime). -There are many practical materials 
in which fracture behavior does not follow linear elastic theory. A material ex- 
hibitine a linear (Hookean) resoonse for stress states within a certain limit and a - . . 
nonlinear response for those outside was classified as an "elastic-plastic material." 
Certain elastic materials with a deep crack also behave plastically when the failure 
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stress is approached. In extending the classical theory to cover this type of material, 
Rice (1968) introduced a parameter called the "J integral," which is expressed 
for a plane strain case as (Fig. 3a) 

where W = strain energy per unit volume in the elastic case (or dissipative energy 
in the plastic deformation case), p = path or contour of the integral (a curve 
surrounding the crack tip), T = traction on the contour (being cut out along the 
contour as a free body), u = displacement in the direction ofT, and ds = increment 
of distance (arc length) along the path or contour. Rice also proved that J is a 
path-independent integral, which means that the J value can be determined from 
any arbitrary contour. This method is applicable to both linear elastic and elastic- 
plastic materials. In a linear elastic case, J is identical to G (the strain energy 
release rate). However, for an elastic-plastic case, J represents the stress intensity 
at the crack tip, which is analogous to K (the stress intensity factor). Details on 
the derivation and applications of Eq. (8) can be found in Liebowitz (1 968). 

By considering the practical application of J, Rice et al. (1973) suggested an 
alternative and equivalent definition of J as: 

These relate J to the more practical parameter, the area under the load (P) versus 
load-point-displacement (6) curve. Eq. (9) simply stated that J is the rate of change 
of the area under the P vs. 6 curve with respect to crack length (c). Based on this 
relationship, they derived a formula for evaluating J for a specimen with a deep 
crack subjected to three-point bending (center-point loading) as (Fig. 3b): 

where 6, is the load-point displacement due to only the rotation of the crack 
surface (0 is caused by the bending moment M in Fig. 3b), e is the remaining 
ligament (beam depth minus crack length), b is the beam width, and A = area 
under P vs. 6,  curve. It is essential to note that Eq. (10) was derived by neglecting 
the elastic deformation due to the uncracked portion of the beam. Therefore, this 
equation works only in the case of a deep crack. The crack has to be deep enough 
to weaken the remaining ligament, so that the additional deformation of the 
uncracked portion is negligible. Advantages and limitations ofthe J-integral meth- 
od in comparison with other methods in fracture mechanics are clearly summa- 
rized by Paris (1976). 

In spite of the wide use of the J integral as the fracture criterion for other 
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FIG. 3. Rice's 1-integral concept: (a) portion of an infinite plate showing path (p) of the J-integral 
at the crack tip; (b) simplified formula for calculating J-integral of a three-point bending specimen 
containing a deep crack (M = moment, 0 = rotation, b = width, e = remaining ligament, and A = 

area under the load-deflection curve). 

materials, its application to wood products is scarce. Mirza and Mindess (1981) 
examined the validity of Eq. (8) in application to fracture of a wood beam con- 
taining an edge crack perpendicular to grain. They tested a large number of air- 
dried Douglas-fir beams under third-point loading and found that J could be used 
as a fracture criterion for wood. Earlier, Komatsu et al. (1976) modified the J 
integral in Eq. (8) as a fracture criterion for a wood bonded joint. Good appli- 
cability of the concept was also found in predicting tensile strength of a double 
lap joint assembled from air-dried Lawson cypress and rigid epoxy adhesive. 
Literature on the application of Rice's alternative definition of J, Eq. (1 I), to 
wood products has not been found. 

3. Microstructure theory. -It is commonly agreed that the fracture behavior of 
a material depends upon its microstructural elements. However, mathematical 
complexity in formulating a microstructure model slows down the development 
along this line. So far, attempts have been confined to using a microstructure 
bonding mechanism to eliminate the unrealistic stress singularity (infinite stress) 
at the crack tip in the Griffith theory. This approach therefore serves as an ex- 
tension of the Griffith theory to more closely represent fracture behavior of a 
material in real life. 

For linear-elastic (brittle) materials, Barenblatt proposed in 1962 (see Liebowitz 
1968) that there are attraction forces called "cohesive forces" to hold the crack 
tip together in the cusp form (Fig. 4a) and cancel the stress singularity at the end. 
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FIG. 4. Fracture models explaining behavior of microstructure at the crack tip (c = half crack 
length; dc = infinitesimal length of crack extension; a, = fracture s t ~ s s ;  6, = crack-tip separation at 
failure): (a) Barenblatt model: (b) Dugdale model: (c) Goodier and Kanninen model. 

He assumed that the cohesive force distribution along the crack tip is nonuniform, 
and that the force-separation behavior at the crack tip follows the approximated 
half sine curve as employed in the "theoretical fracture strength" (see Illston et 
al. 1979). However, the derivation yielded the same fracture criterion as that of 
the Griffith theory in Eq. (2). It was also shown by Rice (1968) through the 
J-integral method that Barenblatt's and Griffith's expressions are equivalent. Lat- 
er, Hillerborg et al. (1976) modified the J-integral method of representing the 
Barenblatt theory by assuming the force-separation curve to follow the curve 
shown as a dotted line (H-M-P) in Fig. 4a. By incorporating their model into the 
finite element method, a satisfactory verification on tests of unreinforced concrete 
beams was obtained. 

Regarding ductile materials, Dugdale (1 960) introduced a fracture concept that 
was similar to Barenblatt's, except that a uniform tensile yield stress (a,) was 
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assumed to hold the plastic yielding zone in front of the crack tip, and that a, 
was assigned to equal the bonding strength between molecules when fracture 
commenced (Fig. 4b). Assuming finite stress at the crack tip, Dugdale presented 
the relation between the plastic zone length ratio [dc/(c + dc)] and the applied 
stress to yield stress ratio (aa/o,) as: 

dc 
(C + dc) = 2 sin(: 2) 

The above concepts are obviously based on a fictitious zone of molecular bond- 
ing. A more realistic model was postulated in 1966 by Goodier and Kanninen 
(see Liebowitz 1968) using nonlinear springs to represent bonds between atom 
pairs along the crack tip (Fig. 4c). They also adopted the half sine curve to represent 
the force-separation behavior of the atom pairs, and further assumed the initial 
slope of the half sine curve to correspond to the elastic constant (E) of the material. 
By assigning the work done (area under the half sine curve) to the surface energy 
per unit area (y), the fracture stress (a,) is expressed as (2c = crack length): 

They pointed out that a (a constant) is roughly 1.0 for the above assumption, and 
is 0.83 if the force-separation curve is assumed to take the exponential form. The 
0.83 value of a makes Eq. (13) approximately equivalent to Griffith's expression 
in Eq. (2b). 

Another approach to microstructure theory of brittle fracture is based on the 
"nonlocal theory" developed by Eringen (1976). As opposed to the local (or 
classical) theory, this theory states that stress at a point cannot be determined 
entirely by strain at a point, and that the local balance laws are not valid for all 
parts of the body (they are valid only for the entire body). Nonlocal theory 
apparently takes the interaction of material sub-bodies into account. Eringen et 
al. (1977) later applied the theory to abolish the stress singularity in the Griffith 
fracture criterion. Considering an infinite plate having the same geometry and 
loading condition as shown in Fig. 2a, they found that the concentrated stress at 
the crack tip (ac) can be computed from: 

where k is a stress concentration factor that relates to the 2c/a ratio as given in 
Fig. 5 (as before, a = atomic distance). At the critical condition, a, equals the 
cohesive stress between sub-bodies (Ic) and a, reaches the fracture stress (03. 
Substituting Eq. (14) into the Griffith-Irwin expression in Eq. (5) and assigning 
the convergence value of k = 0.73 to yield: 

This equation indicates that t, becomes infinite as "a" approaches zero. As a 
consequence, nonlocal theory is the same as local (classical) theory when the 
significance of material sub-bodies is ignored. The potential of the theory in 
application to wood products was discussed in detail by Ilcewicz and Wilson 
(1981). They proposed that Eq. (15) can be made applicable to a material con- 
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Rc. 5 .  Relationship of stress concentration factor at the crack tip (k) and 2cIa ratio based on 
Eringen's nonlocal theory (Zc = crack length, a = atomic distance). Note for 2c/a ratio greater than 
100: k converges to approximately 0.73. [Plotted from data by Eringen el al. (1977).] 

taining no lattice structure such as wood and particleboard by replacing the atomic 
distance (a) by a characteristic dimension (A): 

K,, = (?r/2)"uc\/il/k = 1.72tc\/il (16) 

The characteristic dimension is defined as the dimension of the critical sub-body 
that controls fracture behavior. Experimental results satisfactorily verified the 
validity of Eq. (16) in application to Douglas-fir particleboard. 

OBJECTIVES 

The objectives of this study were: 

1) to determine the validity of Griffith's brittle fracture and Rice's J-integral 
concept in application to a poplar-adhesive joint using the three-point-bend- 
ing (TPB) specimen (the same as in a bending normal-to-glueline test); 

2) to determine the validity of Eringen's nonlocal theory in application to a 
poplar-adhesive joint employing the circular-bar tension (CBT) specimen; 

3) to evaluate the fracture properties of poplar-adhesive joints using the well- 
established compact tension (CT) specimen to serve as a basis for comparison 
(control). 

MATERIALS 

The lumber was 2- by 4-in. flatsawn trembling aspen (Populus tremuloides 
Michx) obtained from a lumberyard in Southern Ontario in the green condition. 
It was kiln-dried to a moisture content of 8.5 1 2%. The adhesive was a resorcinol 
formaldehyde resin composed of a room-temperature setting liquid adhesive (Cas- 
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FIG. 6. Preparation of specimens for fracture tests: (a) a poplar-resorcinol joint showing sections 
for preparation of test specimens (all dimensions are in mm); @) circular-bar tension (CBT) specimen 
(D = 27 mm, d = 20 mm); (c) compact tension (CT) specimen (c = 25 mm, w = 50 mm, b = 25 
mm); (d) three-point bending (TPB) specimen (h = 25 mm, b = 25 mm, c = 0, 3.2, 6.4, or 12.7 mm). 

cophen RS-216) and a powdered catalyst (FM-60M) manufactured by Borden 
Chemical Co. Adhesive spreading rate was 270 g.m2 according to an average value 
recommended by the manufacturer. Other recommendations were that the closed 
assembly time should not exceed 80 minutes at 21 C and the clamping pressure 
should be between 0.86 and 1.21 MPa and should be maintained at least 10 hours 
at 21 C. 

EXPERIMENTAL PROCEDURES 

The lumber was sawn into billets 38 x 89 x 350 mm in size and classified 
into three specific gravity classes (0.40,0.42, and 0.44) of six billets per class. For 
each class, three replicates of joints were assembled by randomly matching the 
billet pairs through number drawing. The bonding surface of each billet was planed 
(with a hand feed jointer) just prior to adhesive application. 

The required amount of adhesive was measured with a syringe and spread on 
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Rc. 7. Set-ups fbr three-point bending test (a). circular-har tension test (b), and compact tension 
test (c). 



Kyokong O a/,-FRACTURE BEHAVIOR OF ADHESIVE JOINTS IN POPLAR 511 

RG. 8. Microscopic photographs of cross sections of solid trembling aspen showing the weakest 
zone in earlywood (a), and a poplar-resorcinol joint showing an interphase zone where penetration of 
adhesive has taken place (b). (The fracture in the glueline was due to the microtoming process.) 
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FIG. 9. Microscopic pholographs of longitudinal scctions of solid trembling aspen in tangential (a) 
and radial (c) planes, and a poplar-resorcinol joint (h). (Voids in the glueline and buckling of the 
adhesive in the vessels were caused by the microtoming process.) 

both faces of the matching pair of billets using an aluminum plate. The optimal 
clamping pressure of 0.86 MPa and closed assembly time of 40 minutes deter- 
mined in a preliminary investigation were employed to bond the assemblies (no 
significant differences in block shear strength were detected for clamping pressures 
ranging from 0.86 MPa to 1.21 MPa; however, 40-min closed assembly time 
produced stronger bonds than either 0 or 80 minutes). The billets were clamped 
for about 15 hours and subsequently released to be conditioned in a laboratory 
environment (22 C, 40% RH) for one week, and were subsequently cut into 
sections for preparation of test specimens as shown in Fig. 6a. 

Two circular-bar tension (CBT) specimens were obtained from the first section 
of the joint by turning in a lathe to the geometry shown in Fig. 6b according to 
ASTM standard D897-78 (ASTM 1983). The CBT specimen was adopted here 
because it results in fracture occumng in the interphase zone, defined by White 
(1977) to be the region where the adhesive penetrates into the wood, and also 
does not contain any square comers to perturb the tensile stress distribution. In 
order to determine the fracture behavior of the glue-wood bond, failure should 
occur in the interphase, which other specimens (such as an internal bond-type) 
do not assure. 
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TABLE 1. Summary of results from three-point bending (TPB) tests of a poplar-resorcinol joint 

~ a i l v n  arccnfager Number or 
Crack Average Average P-6 diagrams 
length Repli- R, 4 18" Inter. 
lmml S.G. cation (MPal IMP=) (Nim) ( k F k )  Wood phase Flue  I I1 

0 

Mean 
SD 
Range 

3.2 

Mean 
SD 
Range 

6.4 

Mean 
SD 
Range 

12.7 

Mean 
SD 
Range . 
K. -adjusted ultimate bending stress. E, =adjusted modulus orelaaicity. Jlr - crack ortcnaion ro re~  (bared on I-integral method), 

K,, = rraclure toughness. S.G. - sac i f ic  gravity b s e d  on ovendncd weight and volume. SD = standard dcvisrion. 

Three compact tension (CT) specimens were machined from the next section 
with dimensions as shown in Fig. 6c. The remaining four sections were for prep- 
aration of three-point bending (TPB) specimens as shown in Fig. 6d. They were 
sawn into four hatches of three TPB specimens; one batch contained no crack 
(the control; which is identical to the bending normal-to-gluebond test), and the 
other three contained cracks along the glueline of length 3.2, 6.4, and 12.7 mm, 
respectively. The crack was first cut with a mini saw (0.5-mm-thick blade) to 
within approximately 2 mm from the crack tip. A fine crack was then introduced 
by extending the cut down to the required depth with a razor blade. Care had 
been taken to align the crack tip within the interphase zone of the joint. All test 
specimens were stored in a conditioning chamber maintained at 22 C and 50% 
relative humidity until constant weights were obtained (about two weeks). 

The TPB specimens were tested in bending (normal-to-glueline) in the set-up 
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shown in Fig. 7a. The loading head was placed directly on top of the glueline so 
that the load was applied parallel to the longitudinal grain direction (i.e., the end 
grain was facing upwards). The loading rate set at 0.1 mm/min for the cracked 
specimens and 0.2 mm/min for the specimens without cracks in order that fracture 
would occur within 5 to 10 minutes. The CBT specimens were loaded in tension 
at 0.4 mm/min as shown in Fig. 7b. The CT specimens were also tested in tension 
until failure as shown in Fig. 7c. Since the CT tests were for control, the loading 
rate was set at 5 mm/min according to literature (White 1977; Ruedy and Johnson 
1979; White and Green 1980). The rate caused failure to occur in 10 seconds. In 
the three types of test set-up, possible moment was eliminated using a ball bearing. 
All tests were performed in a laboratory environment (20 C, 40% RH). Failure 
loads, load-deformation diagrams, percentage of wood, interphase, and glue fail- 
ures were recorded. The conventional percentage of wood failure was separated 
here into wood and interphase failures. Interphase failure is the fracture that occurs 
within the region where adhesive penetrates into wood. Tears of adhesive and 
wood therefore appear on both fracture faces. In case of wood failure, only wood 
grain can be seen on the fracture faces. 

In addition, microscopic examinations ofthe microstructure of trembling aspen, 
and of the wood-adhesive bonding zone in the vicinity of a typical glueline were 
also performed. Photographs of the microtomed sections (mounted on slides) 
across and along the glueline are shown in Figs. 8 and 9, respectively. This 
information is not only useful in explaining the bonding mechanism, but is also 
of importance in relating fracture behavior of a wood-adhesive joint to its mi- 
crostructure. 

RESULTS 

Three-point bending 

The results from the three-point bending (TPB) tests are summarized in Table 
1 and correspondingly plotted in Figs. 10 to 13. The adjusted ultimate bending 
stress (RJ was determined by the flexure formula corrected to the low span-depth 
ratio (Timoshenko 1956) as: 

where P = span, Po = observed ultimate load (N), and b and h are specimen 
width and depth in mm, respectively. The correction factor in parentheses was 
originally derived for a plane stress condition. It is, however, valid for the plane 
strain condition in this particular loading plane (LR or LT) because of the small 
Poisson's ratio of wood in this plane (v,, and v,, are in the range of 0.009 to 0.07; 
the second subscript refers to the direction in which the extensional stress occurs; 
Illston et al. 1979). The difference between plane stress and plane strain has been 
stated in Eq. (2b). 

The adjusted modulus of elasticity (E,) was computed employing the conven- 
tional beam theory formula with the Timoshenko's correction factor as in Eq. 
(17). The crack extension force (Jlc) is therefore equivalent to GI, (the crack 
extension force based on Grifith's theory), which in turn leads to the calculation 
of K,, by means of Eq. (5). The recorded load-deformation diagrams fell into two 
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FIG. 10. Plots of adjusted ultimate bending stress (RJ versus m c k  length (in natural logarithmic 
scales) resulting from three-point bending tests. The slope of the regression line is significant at 95% 
level. (Results from uncracked specimens were excluded from the analysis.) 

typical types: linear-elastic behavior (Type I) and elastic-plastic behavior (Type 
11) as illustrated in Fig. 14. 

As shown in Fig. 10, regression of In R, on In c for the three groups of data 
yields the equation: 

This is of the same form as that previously found by others in Eq. (7). It is 
interesting to note that this relation seems to work for wood, regardless of dif- 
ferences in wood species, moisture content, specimen geometry, and loading con- 
ditions. This suggests the possibility of applying Eq. (7) to explain the fracture 
behavior ofwood by taking K,, (=K1,N) to be the "fracture resistance" for wood. 
The deviation of Eq. (7) from the Griffith formula (slope = 0.50) is probably 
caused by an increase in dissipative energy at the crack tip with increasing crack 
length as indicated by the change in the number of load-deformation diagrams 
of each type in Table I. This trend is also evident in the plots by Atack et al. 
(1961) and by Johnson (1973). On the other hand, the relationship between 
adjusted modulus of elasticity (E,) and crack length (c) follows an exponential 
decay curve as shown by (Fig. 11): 

Plots of crack extension force (Jlc) versus crack length (c) are shown in Fig. 12. 
JIr represents the amount of energy required to open a unit of crack surface and 
evidently converges to a constant value (approximately 320 N/m) with deeper 
crack length. This confirms that Jlr is a material constant for a wood-adhesive 
joint, and that the J-integral method, Eq. (1 I), is also valid for a wood-adhesive 
joint, provided that the crack length is deep enough to cause deflection due only 



WOOD AND FIBER SCIENCE, OCTOBER 1986, V. 18(4) 

- i . f 8 1  
0 4 8 12 

CRACK LENGTH C (mm) 

RG. 1 1. Plots of adjusted modulus of elasticity (Ed in natural logarithmic scale versus crack length 
lc) resultine from three-ooint bendine tests. The S ~ O D ~  of the regression line is significant at 95% level. ~, - - 
(Results from uncracked specimens were excluded from the analysis.) 

CRACK LENGTH C (mm) 

Rc. 12. PIotsofcrackextension force(J,&ersusc- 
tests. 



Kyokon&-@I 01.-FRACTURE BEHAVIOR OF ADHESIVE JOINTS IN POPLAR 517 

WOOD FAILURE (%) 

100 80 60 40 20 0 - r - r ~  

Crack 
length . o mm 

o 3.2 mm . 6.4 mm 
012.7 mm 

U 
I 

6 Specific 
CP gravity 
w 0.40 

1 0.42 

0 -0.44 
0 

0 
0 20 40 60 80 100 

INTERPHASE FAILURE (%) 
Rc. 13. Scatter diagrams of adjusted ultimate bending stress (RJ versus percentage of interphase 

failure at various levels of crack length and specific gravity resulting from the three-point bending 
test. 

to crack opening (no additional deflection induced by strain in other part of the 
specimen). The required transition crack length (c,) can be determined as illus- 
trated in Fig. 12 in which, for these test results, c, is approximately 9 mm. More- 
over, the adjusted ultimate bending stresses (RJ are plotted against the percent- 
ages of interphase failure (I) as shown in Fig. 13. The scatter diagram shows no 
correlation between R, and I, even within specific gravity and crack length groups. 
This indicates that the percentage ofjoint failure in the cleavage mode of fracture 
does not relate to bonding properties and may not be ofpractical use in quantifying 
bond quality. 

Circular bar tension 

Data from the circular bar tension (CBT) tests are presented in Table 2. The 
maximum tensile stress (of) was calculated as failure load per unit area of glueline 
as recommended by ASTM D897-78 (ASTM 1983). No correction for the stress 
concentration induced at the notch tip had been attempted since a reliable factor 
was not available. From of, intrinsic flaw size (2c), characteristic dimension (A), 
and Eringen's stress concentration factor (k), the fracture toughness (K,,) based 
on nonlocal theory was computed using Eq. (1 6). The intrinsic flaw size for wood 
(3 mm) found by Schniewind and Lyon (1973) was adopted. To obtain the char- 
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TABLE 2. Re~ul l~ f rom circular-bar lension (CBT) fesfs of a poplar-resorcinol joinf. 

Max, tonrile rtress (MPa) K,c ( k P a 6 )  Failure perscntsges P-6 
Swsi dia- 

loin, mcn ~ e a n  L O C ~ I  N O ~ - I O ~ ~ I  I ~ ~ C F  snm 
S.G. no. no, Individual (by S.G.) thcow thcory Wood rrhasc Glue lyw' 

0.40 1 1 3.47 263 240 20 80 0 I1 
1 2 2.35 178 162 15 85 0 I 
2 3 3.09 234 213 30 70 0 I 
2 4 2.37 179 164 40 60 0 I 
3 5 2.46 2.65 179 I70 50 50 0 I1 
3 6 2.15 (SD = 0.51) 161 I48 10 90 0 11 

0.42 1 7 3.50 260 241 0 100 0 11 
1 8 1.79 I23 124 95 5 0 11 
2 9 3.37 254 232 I5 85 0 I1 
2 10 2.45 185 170 70 30 0 I 
3 11 2.00 2.53 150 138 60 40 0 I 
3 12 2.04 (SD = 0.74) 154 141 80 20 0 I 

0.44 1 13 3.04 228 210 10 90 0 I 
1 14 2.28 174 158 60 40 0 I 
2 15 1.97 I37 136 95 5 0 I 
2 16 3.11 230 215 50 50 0 I 
3 17 4.03 3.04 297 278 0 100 0 I1 
3 18 3.83 (SD = 0.82) 285 265 5 9 5 0 1  

Mean 2.74 204 189 39 61 0 
SD 0.70 53 48 
Range 1.79-4.03 123-297 124-278 
sr;. - sp~ih~uavity based on ovendried weight and uoluma, K,, -critical atrra intensity factor (fracture toughness): - dehncd 

~n Fig. 13. 

acteristic dimension, examination of the microstructure of the joint in Fig. 8 is 
necessary to determine the structural level that controls the fracture mechanism. 
Only the interphase zone is considered here since the main purpose of CBT tests 
is to induce fracture in this zone. As evident from Fig. 8b, the adhesive flows into 
vessels and forms rigid rods within the vessels upon curing. The cohesive strength 
of these rods (resorcinol adhesive) is much higher than that of trembling aspen. 
When the interphase zone is subjected to tension perpendicular to the grain, it is 
therefore likely that fracture will occur between the rods. The average diameter 
of the rods is consequently the structural level that controls fracture in the inter- 
phase zone. In other words, the vessel diameter (average) of trembling aspen (100 
microns) is the characteristic dimension (X) for this particular case. Knowing the 
2c/X ratio, k can be obtained through Fig. 5. The values of K,, can then be 
computed from Eq. (16). As a basis of comparison, K,, was also calculated using 
a formula based on local (classical) theory (Hertzberg 1983, p. 28 I): 

where Y = 1.72(D/d) - 1.27, Pis  load, and D and dare defined in Fig. 6b. Results 
from these two methods of determining K,, values are plotted in Fig. 15. K,, 
obtained from nonlocal theory is obviously in good agreement with K,, from 
local theory. A scatter diagram in Fig. 16 shows a certain degree of correlation 
(R2 = 0.58) between maximum tensile stress (of) and percentage of interphase (or 
wood) failure (F,). Linear regression of of on Fi yields the following equation: 
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I ~ I  

RG. 14. Two types of typical load-deformation diagrams resulted from three-point bending tests 
of poplar-resorcinol joints (P = load, 6 = deformation): (a) Type I (linear elastic behavior); (b) Type 
I1 (elastic-plastic behavior). 

The regression coefficient (slope) of the line is significant at the 95% level. 

Compact tension 

The results of the compact tension (CT) tests are in Table 3. The load defor- 
mation diagram (Fig. 17) indicates that dissipation of energy had taken place 
before failure, and that a series of crack arrests occurred after propagation. Plots 
of maximum cleavage load versus percentage of interphase failure in Fig. 18 show 
no relationship between these two parameters. 

Comparison of fracture tests 

The values of K,, from the aforementioned tests (TPB, CBT, and CT) are finally 
compared by plotting in Fig. 19. Evidently, K,, values determined by the J-integral 
method (TPB tests) at a deeper crack length (c/h > 0.25) are in the same order 
as K,, values based on the nonlocal theory (CBT tests). However, K,,. values from 
the conventional CT tests are higher than the others, which is probably due to 
the short duration of loading (10 seconds) used in these tests. Also, the calculation 
of K,, in the CBT test ignored the stress concentration at the notch tip; therefore 
its true value of K,, is actually larger. Furthermore, the K,, values based on the 
J-integral method (in Table 1) were calculated employing E,, which varies with 
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FIG. 15. Plots of fracture toughness (K,,) determined by local theory versus by nonlocal theory 
resulting from the circular-bar tension test. 

crack length (Fig. 11). Since K,, is a material constant, the constant value of JIc 
from Fig. 12 (320 N/m) and the elastic constant of wood (i.e., mean value of E, 
at zero crack length) should be employed in computing K,, from the expression 
(modification of Eq. (5)): 

WOOD FAILURE (%) 
100 80 60 40 20 0 
r - I T  I r -  7 - 1  

0/, LLL_I 
0 20 40 60 80 100 

INTERPHASE FAILURE (%) 
Rc. 16. Scatter diagram of maximum tensile stress (4 versus percentage of interphase failure (6) 

resulting from the circular-bar tension tests. 
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D 4-  
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0 0.44 

017 

-2 

= of -1.73 +0.016 Fi  
4 = 1 -  ( R ~ =  0.58) 
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TABLE 3. Results from compact tension (CT) tests of n poplar-resorcinoljoint. 

Klc ( X P a f i )  Rilure prcenlages 

h i n t  Spcimen Mar. load Mean Inter- 
S.G. no. n". 1N) Individual (hy S.0.) woad pharc Olue 

Mean 
S D  

0 
60 
100 
70 
70 

318 40 
(SD = 18) 90 

50 
95 
100 
95 
95 
60 
100 

298 50 
(SD = 22) 100 

0 
0 
80 
90 
100 
LOO 
50 

379 95 
(SD = 70) 70 

Range 156298 263-498 
s.0. = specific gravity h a d  on ovondned weight and voiumc. K,. - ~ n t i ~ ~ l  stress intensity factor (rracrure toughnorr). 

The correct value of K,, based on the J-integral concept therefore is 255 kPa\/;ii. 
By considering that the ratio of tensile strength perpendicular to grain for a loading 
duration of 10 minutes to that of 10 seconds is roughly 0.85 (Barrett and Foshci 
1979), the mean value of K,, from the CT tests is adjusted to approximately 255 
kPa\/;ii. The K,, value from the CBT test would also approach 255 kPa\/;ii if 
the stress concentration at the notch tip was taken into account. 

Effect of adhesive penetration and wood structure 

From the microscopic study of the joints, it was found that adhesive penetration 
into the trembling aspen laminates was affected by gravity as evident in Fig. 8b. 
More adhesive penetrates into the lower laminate than the upper one. As a result, 
unequal zones of interphase were formed which might induce an unbalanced stress 
concentration along the glueline. Bonding strength of an adhesive joint might be 
improved if this effect could be taken into consideration in the gluing process. In 
addition, microscopic examination of the failure zone in wood substrate (away 
from the glueline) of an uncracked TPB specimen indicated that fracture always 
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crack arrests 

FIG. 17. Typical load (P)-deformation (6) diagram resulting from compact tension tests. Note the 
crack arrests occuning aAer failure. 

occurs in the zone of largest vessels (weakest link) not too far from the annual 
ring (Fig. 8a). This suggests the influence of size and arrangement of vessels in 
earlywood on cleavage fracture of trembling aspen, which is consistent with the 
results for other hardwood species obtained by Beery et al. (1983) using stereo- 
logical techniques. 

Bondline thickness effects 

It is also interesting to note that the application ofthe optimal clamping pressure 
(0.86 MPa) and closed assembly time (40 minutes) to the gluing process produces 
gluelines of about 90 to 100 microns in thickness, which corresponds to the most 
optimal glueline-thickness obtained by Ebewele et al. (1979). This confirms the 
applicability of these parameters for gluing trembling aspen. 
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from the compact tension tests. 

Specific Gravity . 0.40 

A 0.12 

0 0.44 
-it k 
P 



Kyokongd nL-FPACTURE BEHAVIOR OF ADHESIVE JOINTS IN POPLAR 523 

DURATION OF LOADING 
-5-10min.- 10,sec. ~ m i n .  

c/h CIW d l 0  
0 0.2 0.4 0.5 0.(5 -1000-- 1 - 7  , - 7-  , - - r v -  k 

9 P 
x - 

M 800~ 
L 

V) 
V) w 

I 600- 2, 
0 = - + 1 

, , I - - -  8 8 

-J- G G 
L 

I ' N - T P B  a &T 

TYPES OF TEST SPECIMENS 
FIG. 19. Comparison of fracture toughness values (K,,) resulting from tests of three-point bending 

(TPB), compact tension (CT), and circular-bar tension (CBT) specimens. The calculating procedures 
are based on local theory (L) using the J-integral (J) and the Griffith (G) methods, and on nonlocal 
theory (N) using the Eringen method (E) (* indicates K,. value calculated by Eq. (h) in the wnclusions). 

CONCLUSIONS 

1. The modified flexure formula for computing ultimate bending stress (R) by 
the bending normal-to-glueline test method: 

is applicable to poplar-resorcinol joints with or without cracks (symbols defined 
in Eq. (1 7)). 

2. In determining fracture toughness (K,,) of poplar-resorcinol joints, the mod- 
ified Griffith's expression in relating RA to crack length (c) by a new defined 
fracture resistance for wood (K,, = K,,/Y): 

is valid for brittle fractures (crack not too deep). For a specimen containing a 
deep crack, K,, can be obtained by means of Rice's J-integral concept of the 
form: 

K,r = v'v% (c) 

where Jlc = 2Mbe, A is the area under the load-deformation diagram, b and 
e are, respectively, the width and the remaining ligament of the specimen; EA 
is modulus of elasticity (adjusted for the low span-depth ratio) for a specimen 
containing no crack. The required depth of a crack (approximately 9 mm) was 
determined through Fig. 12. 
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3. The Eringen nonlocal theory for determining K,, based on a circular bar tension 
(CBT) test is applicable to a poplar-resorcinol joint, provided that the ultimate 
tensile stress is corrected to account for the stress concentration at the notch 
tip. 

4. The mean value of the fracture toughness of a poplar-resorcinol joint deter- 
mined by the compact tension (CT) specimen test was 332 kPa\/iii with loading 
duration of 10 seconds. 

5. When the effects of loading duration, stress concentration, and variable elastic 
constants are taken into account, all of the above methods yield K,, in the 
same order of approximately 255 k P a 6  for a poplar-resorcinol joint. 

6. A relationship between the strength of adhesive bonds and the percentage of 
interphase failure exists for the circular bar tension test, but does not exist for 
the three-point bending, nor for the compact tension tests. This finding suggests 
that the percentage ofjoint failure in cleavage mode of fracture does not relate 
to bonding properties, and that the percentage of interphase failure might be 
of more practical use in quantifying gluebond strength in the tension mode. 

7. Microscopic examination of the joints indicated that adhesive flows mainly 
into vessels (instead of fibers). The depth of adhesive penetration into vessels 
was also found to be affected by gravity. Moreover, failure of a three-point 
bending specimen away from the glueline was found to occur in the zone of 
the largest vessels (weakest link) not too far from the annual ring. 
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