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This study concerns the failure of dowel-type joints in glued laminated
timber under static loading. Failure of joints with a single bolt or dowel due
to cracking parallel to the grain direction is considered. Presented results
concern only the first mode of cracking i.e. splitting under tension
perpendicular to grain. Fractureis analyzed by use of linear elastic fracture
mechanics concepts (LEFM), the crack propagation condition is assumed to
be based upon the critical energy release rate G,c. A simplified average
stress criterion allows the prediction of the splitting onset.

An experimental programwas carried out on joints for different structural
parameters and bolt diameters. The experimental stable crack growth
allowed to obtain the load-crack length curves. An other experimental
program was carried out in order to compare the fracture energy of a few
CIB-type specimens with the critical energy release rate G used in the
crack propagation simulation.

The comparison between experimental and numerical results for the
simulation of fracture in joints shows that LEFM provides a good
approximation of load-bearing capacity of bolted joints and may help
improve design codes.



1. INTRODUCTION

Engineering methods for the design of timber mechanicd joints are based upon
Johansen's yidd modd [1] [2] [3] [4] [5]. This limit andyss method includes
connector limit states but does not take into account the various modes of
degradation of wood: cracking parale to the grain under tearing (mode ) or
shearing (mode 1l and 111), failure under tenson dong the grain direction. Some
damage mechanisms are hbrittle others are more progressive. Concerning the
timber, only the crushing a the bolt and wood contact is consdered in the
Johansen limit andlyss

Normdly, bolted joints are desgned with the intent of avoiding brittle falure
modes associated with catastrophic crack growth pardld to the grain.
Neverthdess the study of that failure mode is necessary to incorporate in the
international codes a reliable method of design of mechanicd joints.

Eurocode 5 [2] proposition for the verification of resistance to a solicitation which
is not dong the grain direction congsts into the comparison of a mean shear sress
with a criticd vaue. That criterion may not be convenient because it does not
take into account the failure mode and the possible existence of a crack.

The am of this study is the prediction of falure of joints with a Sngle bolt or
dowel under a static loading perpendicular to the grain (see Fig. 1). The structura
parameters are the bolt diameter d, the end-distance e1 and the edge-distance e.
In that particular case, the failure mode is known. A crack appears at the end of
the bolt hole and propagates pardld to the grain (L direction) adong the weskest
plane of wood. This falure mechaniam is generdly brittle but the ratio of initiation
and ultimate loads can be about 55% for large values of e and &. Thusfalure
anaysis can be gpplied separately into the study of the initiation of a crack and
into that of the propagation of an exigting crack.

Numerous and experimenta studies of mechanica bolted joints have been
conducted [6] [7] [8]. Rahman & d. [7] combine a finite dement anadyss with
orthotropic criteriato predict initid joint failure when the load is applied pardld to
gran. Previous study and [8] take into account the nortlinear stress-drain
behavior of the wood and the friction between the wood and the bolt. These
sudies are very interesting to invedtigete the influences of bolt-spacing, end-



disance and edge-digance of a multiple fastener when bolts load members
pardld to grain because in tha particular case non-linear phenomena have a
mgor influence on dress digribution. The crack propageation was not investigated
in previous sudies.

For the studied problem i.e. a perpendicular to the grain loading, wood is
assumed to respond linear-dadicaly to falure Whitney and Nuismer [9]
proposed for composite materids a smplified stress fracture criterion based on
the actua stress digtribution near a hole or a notch. Following this gpproach, the
initiation of a crack is assumed to occur when the average dadic dress
perpendicular to grain over a characterigic distance from the boundary of the
hole equds the tendle strength of the materiad with no hole. A further investigation
is necessary to know if the characteristic distance (or volume) is unique or not for
different fracture modes and if it can be linked to the structure of wood for given
Species.

Crack propagetion is analyzed by use of classicd linear €agtic fracture mechanics
(LEFM). Application of fracture mechanics to wood has principaly concerned
the analysis of test specimens for the evaluation of fracture properties [10] [11]
[12]. For theanalysis of mechanicd joints fracture mechanics methods have been
scarcely applied. Non linear phenomena that occur in the so-called process zone
of non linear fracture mechanics are not consdered [13]. In other words it means
that the size of the process zone is neglected in mechanicd joints. We combined
LEFM with a Griffith criterion based upon the critical energy release rate Ge.
The energy release rate is computed with respect to the crack length by the
compliance method. Both initiation and propagetion were studied with the finite
element (FE) code CASTEM 2000.

Failure tests of joints were carried out for different bolt diameters, edge-distances
and end-distances. The wood member was composed of glued laminated spruce.
The initiation load, the crack length with respect to the load were noted. The only

parameter of the modding that has been identified with these tests is the critica
energy release rate Gic. In order to verify the vdidity of the experimentaly

identified critica energy release rate G, that is characteristic of wood species, a
few CIB-type specimens were tested to determine the fracture energy Gyt
according to the Draft Standard [10]. Comparisons between experimental and
numerica results for studied single bolted joints with a perpendicular to the grain



loading are presented. Initiation and ultimate loads and dso the load with respect
to the crack length are given.

2. EXPERIMENTAL STUDY OF MECHANICAL JOINTS

Mechanica joints have been tested a the Laboratory of Mechanics and

Technology (LMT) of Cachan [14]. The moisture content and the dengty of
glued laminated members were 10% and 0.46. Wood species is spruce. The
fasteners are not bolts but stedl shafts in order to create a "perfect” contact i.e.
with no alowance between the wood and the shaft.
d is the shaft diameter, b is the wood member thickness, e; and e are
regpectively the end- and edge-distances (see Fig. 1). Table 1 presents the
different kinds of specimens. For each kind, only a few tests (from 2 to 5) have
been performed. Contrary to the case of a pardld to the grain loading, the
member thickness b has not a mgor influence because the bending of the bolt is
negligible.

Classica strain gages were used on one face, crack detection (CD) gageson
the other one (see CD gageson Fig. 2).

Specimens were tested to failure in stroke displacement control with a head
speed of 2.25¥ 102 mm/min. This low speed is chosen in order to detect the
initiation and to follow easily the stable crack propagation. Rather than the stroke
displacement, the displacement between the sted plates and wooden member
was measured with dectronic transducers. Load, strain and displacement were
recorded by a HP workstation at arate of 1 Hz.

The Al1-4 and A1-5 pecimens (see Table 1 & 2) were tested with a speed of
0.18 mm/min to fail in about 300 s as recommended in Eurocode 5 [2]. We did
not notice any important effects on the maximum load of these specimens.

Theinitiation was detected by consdering the three following criteria

(i) aCD gage near the holeis cut
(ii) adrop in load is observed
(iif) acracking is heard

(ii) criterion is suggested by the fact that a cracking will decrease the specimen
diffness. When this decrease is aresult of ingtantaneous splitting in ajoint which is



quasi-saticaly loaded under stroke control, the result is an instantaneous drop in
load (which may be very smdl).

Two of the three above criteria had to be verified to congder that initiation
occurred (generdly (i) and (iii)). Table 2 gives the initiation and ultimate loads
(the ultimate load is the maximum load).

Fig. 3 and Fig. 4 are respectively the load-displacement curves for the B2-4
(d=20 mm) and C1-1 (d=12 mm) specimens. Fig. 5 curve corresponds to the
load with respect to the strain in wood at the bolt and wood contact for the B2-4
gpecimen. Note an important non linearity due to crushing. This non linearity can
also be observed on the load-displacement curves but after initiation non linear
phenomena seem to be essentidly due to splitting (according to the visud
observation). Also note the important drop in load for the C1-1 specimen (Fig. 4)
due to the presence of a knot.

3. MODELING AND SIMULATION
3.1. Assumptions
The modeling assumptions are;

H1 : Plane dress state
H2 : Wood islinear-dadtic to falure
H3 : The bolt isarigid body
H4 : The wood and bolt contact is perfect i.e. with no friction and no alowance
H5 : The transverse T and radid directions R are not distinguished i.e. the wood
istransversdly isotropic

The gructure is modeled by finite dements. Because of symmetries, 1/2 of
gructure istudied (see Fig. 6).
H2 assumption relies on the observation of stress-strain responses that are quasi-
linear until failure in tensgon and nortlinear in compression [15].
For a plane problem, the radid R and transverse T directions (according to
Johnson's notations [16]) cannot be distinguished so we considered a mean
behavior. The dastic moduli were chosen by extrapolation of results [17] with
respect to the actual density. x direction corresponds to the L direction (Fig. 6).
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3.2. Initiation

The dress gate is mainly a tendle one around the point B (see Fig. 6) while a
compressive dress date is concentrated at the upper part of the bolt.
Degradation takes place in these two regions. Theinitiation of cracking occurs at
the point B (Fig. 6) where a high stress gradient exists. Different fracture criteria
for wood exigt in the literature [18]. They are expressed in terms of stressesin a
co-ordinate system coinciding with the directions of orthotropy. The fallure mode
isapure mode | then these criteria are reduced into the comparison of the tearing
stress sy With the tensile strength f; for the cracking onset detection. The mean
tendle drength for spruce species is (obtained by means of tensle tests
performed at CTBA Paris[18]):

fi=4.76 MPa

The computation of the local elastic stress sy (Pc) for the experimentd initiation
load P gives a dress vaue a the point B much higher than f. Note that in the
case of a sharp crack the dress vaue is infinite. The gpplication of a locd

goproach seems difficult in the case of high dtress gradients. In add, the mesh
refinement needs to be very rich for agood gpproximation of loca eastic stresses
in the vidinity of the hole

Whitney and Nuismer [9] proposed for compodte materids a smplified

sress fracture criterion based on the comparison of the average stress over a
characteristic distance ac with the tendle strength f. We applied this approach for

the initiation detection. The criterion is (Fig. 7):

1 e



This "non locd" criterion is less sengtive to e mesh refinement then the loca
one.

An other gpproach conddts in the application of LEFM concepts for the

initiation problem by assuming a pre-exigting sharp crack. This approach was
applied to wood by Sobue [20]. The length of the initid defect is assumed to be
intringc. The concept of the latter criterion seems similar to that of the average
dress criterion but the computation of the energy release rate or the stress
intengty factor is difficult for a very short crack.
In order to identify the distance g, the dress didribution of each specimen
denoted i is computed with the experimenta initiation load (P;);. Thisis a FE
computation of the eadic dresses didribution. a; is the mean vaue of the
distances g for the n specimens.
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= g =284 mm

Sl

1

The important question is Is & an intrindc materiad parameter. It is difficult to
answer "yes' categoricaly but we did not notice any large difference in the g
values for the balt diameters d=12 mm, 16 mm and 20 mm.

The experimentd and smulaion results concerning the initigion load are
compared (see Fig. 8 and Fig. 9). These figures clearly show, in one hand the
influence of the bolt diameter and, in another hand the quas non influence of the
edge-digance on the initiation load with an end-distance equd to 7d. Table 3
gives the computed initiation load for each specimen to be compared with the
experimenta onein table 2.

A further investigation is necessary to know if the characteristic distance (or
volume) & isan intringc parameter for other geometry and loading.

3.3. Propagation

The exigence of a crack at the point B is now assumed (see Fig. 6). The
propagation andyss is carried out by use of classcd LEFM i.e dl damage
phenomena are assumed to occur at the crack tip.

The energy rdleaserateis
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A Giriffith criterion [21] for the crack propagetion condition is chosen:
* G(P,A) < G; No crack propagation

* G(P,A) = G; Possible crack propagation (P=Pc)

AN/

! %(A) =0 : unstable propagation

1 ,')—A(A) < 0: stable propagation
Gc = G isthe critica energy release rate for a mode | cracking. The crack is
pardld to the grain direction. G(A,P) is computed by the compliance method, the
crack propagation is modeled by separating two connected lines. The mesh
refinement at the crack tip is constant during the crack propagation.

Thusfor two F.E. computations 1 and 2:

G_11 .1 1
P2

20 DA %o ks

with DA = A, - A; and DA << A

The previous relationship dlows to caculate the force with respect to the crack
length for a given critical energy release rate G or for a given force to identify

Gic. Fig. 10 and Fig. 11 represent the computed vdue Y = G (% )2 with respect

to the crack length A/d for g = 7d, 25d and for different vaues of the edge-
disance e.
For a monotonoudy increasing loading and for a Griffith criterion G = G, the

minimum of the curve Y (A) = G(I% )2 is the trangition point between a sable and

aunstable crack propagation (see Fig. 10 and Fig. 11).



Let us define A; and Pgyy such that:

?G ?Y

ﬁ(Ac'PcM) =0 (or ﬁ(Ac’PcM) =0) andG(Ac,Pem) = Gic
The previous loading Ry is the maximum loading that the mechanicd joint can
bear. A. isthe criticd crack length. The previous curves show that there may be
a stable crack propagation as the load increases. The critical crack length A¢ is
about one and half times of bolt diameter with e; = 7d and about six times of bolt
diameter with e; = 25 d. These results confirm that the joint does not fail just after
the initiation of the crack.
During the controlled stroke displacement test the ultimate load was reached and
the load-digplacement curve after the maximum load was dso obtained. Table 2

gives the experimentd ultimate loads.
It was chosen to identify the critical energy release rate G¢ for that maximum

loading. The knowledge of (Py\ )i for each test i dlowsto compute (Gye);.
For ingtance, let us examine the specimen C1-1 (e = 25d; e = 4d; d = 12mm):

(Pcm)c1-1 = 6.27 KN(Table 2)

(AC)Cl =24d H
y 0(Gic)c1-1 =186 N/m

Gic (%)2)01 = 6,11 mkN (seeFig. 11) b

Gy isthe mean vdue of the different (Gy);:
Gic =197 N/m

The following amulation results were obtained with G =197 N/m. Fig. 12
shows the comparison between the experimental and computationd |oad-crack
length curves for the C1-1 test and for the cracks located on the left and the right
part of the bolt. Table 3 gives the computed ultimate load for each specimen to
be compared with the experimental onein table 2.

Fig. 13 shows the comparison between the computationd and experimenta
ultimate loads for d= 12 mm. The lines and the points represent respectively the
smulations and the tests. Fig. 14 shows the influence of the bolt diameter.



It was chosen to compare the energy release rate with a critical vaue for the
analysis of popagation of cracking. The same gpproach was applied with the
concept of dress intengty factor. The results are Smilar. The andysds of a
possble multiple cracking (for ingtance with severd bolts) is computationaly
chegper by using stress intengity factors because, in such acasg, it is hecessary to
do a FE computation for each energy release rate corresponding to a possible
crack propagation.

4. EXPERIMENTAL IDENTIFICATION OF THE FRACTURE
ENERGY

According to LEFM concepts [21], G is defined as follows While a crack

darts to grow, the part of the stored eadtic energy that is consumed by the
fracture process at the crack tip per unit of new separation area is the critical
energy relesse rate G (model).

Hence Gi¢ is expeaimentdly identified with the maximum load Fy; that the
gpecimen can bear during a fracture test (see Fig. 15). A reaion can be
established between the critical stress intendity factor K| and the critica energy
releaserate G [12].

The fracture energy Gy disspated during mmplete crack propagation can aso
defined by the integration of the complete load-displacement curve (F-d) of the
gpecimen (see Fig. 15):

8
Gy = Ai, 8 Fdd
lig o
Alig isthe area of the uncracked ligament before loading.
If non linear phenomena due to damage or plagticity are present during crack
propagation in a process zone a the crack tip, LEFM is no longer applicable.
The consequence is that Gf and G are non equd. In such a case non linear
fracture mechanics can be used [12] [13] or dso LEFM by usng an effective
crack length [22]. Gi¢ is the fracture energy in a linear dagtic materid with no
process zone.
For the sudied problem, i.e. the andlyss of fracture in a mechanicd joint, we
assumed that the process zone sze is smdl compared with the crack length and



the structure size. Hence the influence of the process zone is negligible and LEFM
can be gpplied by assuming the fracture energy G isequa to Gy.

In order to verify the previous assumption, i.e. to verify the vdidity of LEFM by
using the toughness Gy, afew mode | fracture tests (about 30) were carried out
a the Centre Technique du Bois et de I'Ameublemement (CTBA Paris). The
reference test method chosen is the bending test according to the CIB-Draft

Standard [10] (see Fig. 16).
Rather than carrying out tests, G could have been taken from the literature [23]

for the wood member species. In such acase, the fracture energy G from [23] is
very different from G that was identified with the mechanica joints tests (about
80% of difference with G = 197 N/m).
These experiments consisted into a preliminary test program for the determination
of the fracture energy of French spruce, results are given in [24] and [14].
Specimens were tested in stroke displacement control. The main features of the
testswere:
* The head speed has been chosen lower than that recommended in [12] in order
to have a stable cracking
* Theinitid defect shapeisatriangular (see Fig. 16)
» The initid crack length is Ag = 0.6h (the specimen section is a square, h=45
mm)

According to the results, the mean experimenta fracture energy of spruce in
tension perpendicular to grain and for a density of 460 kg/m3is:

Gif = 180 N/m

Note that Gy is not identified with the maximum load Fy; but with the area of the

load displacement curve (see Fig. 15).
This result must be considered with caution because the results showed too much

scatter to be able to propose a fracture energy value with so few specimens.
Nevertheless the values of G¢ and Gj; are close that could confirm the vdidity of

LEFM for the failure andys's of mechanica bolted joints.

5. CONCLUSION



LEFM is a amplified approach consgting in the comparison of the energy
releese rate with a critica vaue. This method has been applied for the
determination of the load bearing capacity of a mechanica joint with asingle bolt.
The fracture mode was the mode | of opening. The critical energy release rate
was obtained by testing mechanica joints. Thisresult isin agood agreement with
the fracture energy vaue that we obtained with bending fracture tests.

Adjugt this smplified approach for design codes might provide an improvement
for the determination of the ultimate load in the design of bolted or nailed joints.
The ultimate load may be much higher than theinitiation load of cracking for large
vaues of the end- and edge-distances. So, the mechanica joint does not fal just
after the onset of cracking. The initiation load is dso an important data in the
design of mechanicd joints. The onset of cracking has been predicted by use of
an average stress criterion.
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RESUME

Analyse dela rupture d'un assemblage en bois boulonné

Le travail présenté concerne la modélisation et la simulation de la rupture
d'un assemblage par tige métallique d'éléments de bois lamellé collé lorsque
le phénomene majeur de dégradation est celui de la fissuration
paralldlement au fil. Nous nous sommes pour l'instant limités a une
sollicitation perpendiculaire au fibres, I'amorcage et la propagation de la
fissuration, en mode | dans ce cas, sont éudiés. L'analyse de la propagation
d'une fissure est effectuée au moyen de la Mécanique Linéaire Elastique de
la Rupture (MLER). L'amorcage de la fissuration est prédit par I'utilisation
d'un critere simplifié prenant en compte la contrainte moyenne sur une
distance supposée caractéristique du matériau.

Les simulations numériques sont comparées a des résultats
d'expérimentations pour divers diamétres de tiges et parametres
structuraux. Nous comparons les valeurs simulées et expérimentales des
forces d'amorcage de la fissuration ains que des forces maximales que
I'assemblage peut supporter. Afin de vérifier que la valeur identifiée du taux
de restitution d'énergie critiqgue G¢ est caractéristique du matériau, une
campagne d'essais de fissuration parall@ement au fil du bois par flexion
trois points a également été menée sur des éprouvettes de type CIB.

Cette étude montre que la MLER peut étre appliquée pour la simulation de
la rupture d'un assemblage et peut ére un outil pour I'amélioration des
codes de dimensionnement des assemblages lorsgue le phénomene majeur
de dégradation du bois est celui de la fissuration parallélement au fil.




FIGURESAND TABLES

Fig. 1. Glued laminated specimen under perpendicular to the grain loading
Fig. 2: Specimen and CD gages

Table 1. Specimens

Table 2: Initiation and ultimate experimenta 1oads (kN)

Table 3: Initiation and ultimate computed loads (kN)

Fg. 3: B2-4 |oad-displacement curve (d=20 mm ; e;=7d ; eo=4d)

Fig. 4: C1-1 load-digplacement curve (d=12 mm ; e;=7d ; ex=4d)

Fg. 5: B2-4 |oad-strain curve (d=20 mm ; e;=7d ; ex=4d)

Fg. 6. Finite d ement modeling

Fig. 7: Average dress criterion
Fig. 8: Initiation load with respect to the bolt diameter (e;=7d ; ep=4d)

Fig. 9: Initiation load with respect to the edge-distance ep/d (d=12 mm ; e;=7d)

Fig 10Y =G ¥ (% )with repect to the crack length A/d (e;=7d)

Fig. 11:Y =G ¥ (% )with respect to the crack length A/d (e, = 25d)

Fig. 12: Force with respect to the crack length for the C1-1 specimen (d=12 mm
; @1=7d ; e;=4d)

Fig. 13: Ultimate load with respect to the edge-distance (e; = 7d ; e; = 25d)

Fig. 14: Ultimate load with respect to the bolt diameter (e; = 7d ; e> = 4d)



Fig. 15: Force-displacement curve of afracture test

Fig. 16. Bending test for the determination of the fracture energy in tenson
perpendicular to grain
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Table 1l

ref. d(mm) b/d e1/d eo/d
Al 12 3 7 4
A2 12 3 7 8
A3 12 3 7 12
Bl 16 3 7 4
B2 20 3 7 4
C1 12 3 25 4
C2 12 3 25 8
C3 12 3 25 12




Table2



specimen initiation load ultimateload
Al-1 4.50 4.95
Al-2 4.00 5.03
Al-3 4.70 5.18
Al-4 4.30 4.84
Al-5 4.60 5.22
A2-1 4.40 5.10
A2-2 * 6.09
A2-3 4.10 4.87
A2-4 * 5.22
A3-1 4.30 4.90
A3-2 4.50 5.44
A3-3 4.80 5.07
Bl1-1 8.00 10.5
B1-2 6.40 8.49
B1-3 7.28 10.38
B2-1 10.00 14.7
B2-2 * 14.6
B2-3 9,70 11.99
B2-4 10.50 13.8
Cl-1 5.20 6.27
C1-2 6.10 6.19
C2-1 * 7.35
C2-2 4.60 8.72




* means an impossibility for the authors to propose an initiation load



Table 3

specimen initiation load ultimate load
Al 4.34 5.58
A2 4.40 5.86
A3 4.41 5.87
Bl 6.85 8.6
B2 10.05 12
C1l 4.57 6.5
C2 4.85 87
C3 4.92 10
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