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Abstract

Under varying climate conditions, cracks are commonly observed in bolted joints, owing to the shrinkage of wood and con-
finement from slotted-in steel plates and bolts. A three-dimensional finite element model was developed to investigate the
mechanical behavior of bolted glulam joints with initial cracks. Wood foundation was prescribed in the model to simulate
the local crushing behavior of wood surrounding the bolts. The behavior of wood in compression and the foundation were
defined as transversely isotropic plastic in the software package ANSYS. Cohesive zone model was applied in the numerical
analysis to consider the propagation of initial cracks and brittle failure of wood in the bolted joints under tension load. The
numerical model was validated by the experiments conducted on full-scale specimens and it is indicated that the numerical
model has good ability in predicting the failure modes and capacity of tension joints with local cracks. To further investigate
the influence of crack number, length and locations, a parametric study was conducted with the verified model. Moreover, to
study the effects of cracks on the behavior of bolted joints with different failure modes, another bolted joint including bolts
with different strength grades and diameters was designed and analyzed in the parametric study, which was expected to have
bolt yielding failure mode. It was found that the initial cracks can decrease the capacity and initial stiffness of tension joints

by up to 16.5 and 34.8%, respectively.
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Introduction

Timber joints are critical elements in timber structures
and sometimes determine the load bearing capacity of the
whole system [1]. To get a good knowledge of mechanical
performance of timber joints, comprehensive experimental
investigation and numerical analysis have been conducted by
previous researchers. Steel-to-timber joints are commonly
utilized in glulam structures. The capacity of this type of
joints is determined by plastic moment capacity of fasten-
ers and material properties of wood [2]. Some experimental
researches were carried out on bolted glulam joints under
tension load [3-6]. To further investigate the influence of
different factors, such as joint geometry, strength or layout
of fasteners, numerical approach was chosen by previous
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researchers due to the high cost and time-consuming char-
acteristic of experimental tests.

To develop a finite element model of timber joints, the
choice of material model is particularly important. Hill yield
criterion was sometimes applied in numerical models of
bolted glulam joints and wood in compression was modelled
as an elasto-plastic orthotropic material [1, 7-9]. However,
the constitutive law did not consider the brittle failure of
wood. To improve the material model, several failure crite-
rions of wood were proposed and applied in the analysis of
timber joints. Maximum stress was one of the failure crite-
rions used for wood in tension. In the numerical model of
bolted joints developed by Kharouf [10], wood was assumed
to be elasto-plastic in compression with Hill yield criterion
and linear elastic in tension with maximum stress failure cri-
terion. The failure modes and deformation obtained from the
numerical analysis had a good agreement with the experi-
mental results, while the stiffness was much greater than
experimental values. Weibull weakest link theory is another
method to consider brittle failure in timber joints, which
was applied in [11]. The numerical model achieved a good
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prediction of load—displacement relationship, while the esti-
mation of peak load was conservative. Modified Hill failure
criterion [12] was also proposed to model brittle behavior of
wood in tension and shear. A reduction of elastic modulus
was included in the model to consider progressive failure
of wood. Hoffman failure criterion is able to model dam-
age evolution of wood. A numerical model was previously
developed with the application of both Hill yield criterion
and Hoffman failure criterion [1]. The ability of the model to
predict behavior of timber joints was validated by compari-
son with experimental results. Tsai—-Wu failure criterion, a
common strength criterion in existence, is widely applied in
anisotropic composite materials [8, 13]. Different strengths
in compression and tension can be taken into account in
the criterion, while the stress interaction coefficients are
sensitive to the applied test methods and difficult to deter-
mine [14]. However, the failure criterion cannot consider
the softening law of wood induced by micro-cracking and
fiber-bridging phenomena in the crack propagation process.

The local crushing behavior of wooden parts underneath
fasteners is a common phenomenon in timber joints. A
wood foundation model was proposed to develop a three-
dimensional finite element model of dowel joints [15]. The
material constants of wood near bolt hole were derived by
converting load—deformation relationship obtained from
embedment test to a bilinear stress—strain relationship. The
model has been applied into the numerical analysis of nailed
joint [16] and post- and beam-joint [17], which indicated a
good prediction of the load—displacement relationship. How-
ever, the model cannot be used to simulate fracture failure in
timber joints such as wood splitting or crack growth process.
In terms of crack propagation simulation, joint element with
softening behavior was developed and set on the predicted
crack propagation path [18]. To investigate the effect of ten-
sion and shear on the behavior of dowel joints, two joint
elements were defined and set in two separate layers, respec-
tively [19]. Cohesive zone material law was commonly used
in the numerical analysis of the delamination of laminated
composites [20-22]. In 2011, Bettina Franke applied cohe-
sive zone material model to simulate the cracking process
of wood in dowel connections loaded perpendicular to grain
[23]. Contact element pairs were set on the potential crack
plane and crack propagation was simulated by debonding
the contact pairs and creating new surfaces in the model. In
this way, the cracking process could be observed intuitively,
which is quite helpful to understand the failure mechanisms
of bolted joints.

Cracks are commonly observed in bolted joints as a
result of variable climates and restrained strains caused by
the existence of steel fasteners [24—26]. For bolted joints
loaded parallel to grain, due to the existence of initial cracks,
the failure of joints may switch from a ductile mode to a
brittle one, and the external load cannot distribute evenly to

all bolts. Thus, initial cracks may significantly influence the
mechanical behavior of bolted joints. It is crucial to quantify
the effect of initial cracks on the mechanical behavior of
bolted joints. However, few reliable and feasible methods
have yet been published to estimate the influence of cracks
on bolted joints.

To study the influence of cracks on the mechanical behav-
ior of joints, numerical analysis is an efficient way due to the
time-consuming and high cost characteristic of experiments.
To get a relatively accurate numerical result, the numerical
model needs to reproduce the behavior of materials as close
to the reality as possible. For bolted joint loaded parallel to
grain, the main characteristics of its failure behavior include
the ductile behavior like the embedding failure of wood
underneath the bolts, and the brittle failure, such as the split-
ting and plug shear of wood along the bolt lines. For steel-
to-timber tension joints with initial cracks, in the numerical
model developed in this paper, wood foundation model is
applied to simulate local crushing behavior of wood under-
neath bolts. To consider the propagation of initial cracks and
brittle failure of wood in the tension joints, cohesive zone
material law was applied in the numerical modeling. The
load—displacement curves and failure modes derived from
full-scale experiment were used to validate the numerical
results. Further, a relatively comprehensive parameter study
was conducted to study the influence of different crack types
on the mechanical behavior of bolted joints, which can pro-
vide theory basis when it comes to evaluate the safety and
effectiveness of bolted glulam joints.

Numerical modeling
Material modeling
Steel

Isotropic plastic material model was applied to steel materi-
als. The Poisson’s ratio and Young modulus of steel were set
asv =0.3 and E = 210,000 MPa, respectively. According
to [1], the hardening of bolts did not obviously affect the
behavior of joints, thus a bilinear stress—strain relationship
was defined to represent the behavior of bolts, as shown in
Fig. la. For bolts with strength grade of 10.9, the yield stress
f; was set as 900 MPa according to the previous research
[27]. The hardening behavior of steel plate was proved to
have dramatic influence on the behavior of joints by previous
research [1], thus a nonlinear stress—strain relationship was
defined in the model, which was obtained from tension test
of steel plate. After simplifying the experimentally obtained
curves as [1], the constitutive behavior of steel plate was pre-
sented in Fig. 1b. The stiffness gradually decreased to zero
with the increase of strain after reaching the yield stress. The
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Fig. 1 The stress—strain rela- IA IA
tionship of fasteners: a bilinear
stress—strain relationship of Ty Ju
bolts; b nonlinear stress—strain
relationship of steel plate Sy
0 > 0 ry > £
(a) (b)

yield stress f, and ultimate strength f; of steel plate were set
as 235 and 420 MPa, respectively. The corresponding strain
at peak point €, was set as 0.12.

Wood in compression

The behavior of wood in compression was assumed to be
transversely isotropic plastic and Hill yield criterion with a
bilinear stress—strain relationship was adopted for the con-
stitutive modeling of wood. The Hill yield criterion can be
expressed by stress components as:

f(ff,‘fy) =a(op - ‘733)2 +ay(033 — 611)2
+as (0'” - 0'22)2 + 2a41223 + 2a5'r321 €))

2 2 _
+2a6112—0'y =0

Considering timber as a transversely isotropic material,
the parameters in Eq. (1) are defined as:

where GEV is the yield stress in the direction indicated by the
value of subscript i, the isotropic yield stress o, is an input
constant for the hardening model, which was set equal to
yield stress parallel to the grain o-f - To simulate local crush-
ing behavior of wood near the bolt hole, wood foundation
model was applied in the numerical model. The nominal
bilinear stress—strain relations of wood foundation were
derived from embedment tests parallel and perpendicular to
grain as [15], which was illustrated in Fig. 2. To simulate the
behavior of wood foundation, the generalized Hill plasticity
model was applied in the numerical analysis, which includes
an anisotropic hardening rule. According to [17], the mate-
rial constants were calculated as follows:

P, W B
Ohom. = 7 Enom. = 7 - W (3)

where 0,,,, and €., are the nominal yield stress (MPa) and

strain (mm/mm) of the wood foundation, respectively; P,

nom.

Embedment (mm)

Embedment (mm)

2 2 2 and W are the yield load (N/mm) and deformation (mm) in
a = oY 1%\ @ = s = 1 % the bilinear load per unit length-embedment plot, as shown
1= 2 =43 = - . . .
o), 2\ o}, 2\ o}, in Fig. 2; K is the nominal modulus of wood foundation
2 2 (2) (MPa); d is the bolt diameter (mm). The obtained nominal
a, = 1 i as = ag = l i values were calibrated to be effective foundation properties
2 6;3 2 612 as follows:
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where Sgg and g are effective modulus and yield strain of
the wood foundation, respectively; a; and f; are calibration
factors for the foundation modulus and yield strain, respec-
tively; i indicates the loading direction, which can be parallel
() or perpendicular (L) to grain direction. The calibration
factors were determined based on the generalized calibra-
tion factors provided by Hong [15]. And iterative runs of
bolt-embedment numerical analysis were conducted until
numerical results were proved to be acceptable by com-
parison with the load-slip curves obtained from half-hole
embedment tests in both parallel-to-grain and perpendicular-
to-grain directions. The shear modulus and yield point were
determined by theoretical formulas as given in [28].

S —— (7)‘)1-1‘ = (7,\‘)/‘1' = 108xE “\ G,
2 (14 5% i s)

where G and y, are initial shear modulus and shear yield
strain, respectively; E is the effective modulus of wood foun-
dation; v is Poisson’s ratio; o;,, is the intercept of the second
linear segment in the bilinear normal stress—strain curve.
The tangent modulus of the hardening portion in compres-
sion and shear were set as 1% of initial modulus.

=G, = (Gint.); E;

Brittle failure of wooden parts

For joints with initial cracks, crack propagation was visu-
ally observed in the experiment. The behavior may affect
the load distributions among the bolts, and thus influence
the behavior of the joints. For bolted joints under tension,
splitting and plug shear failure of wood is a common fail-
ure mode, which always results in a sudden decrease of
load-carrying capacity of joints. To simulate crack propa-
gation and brittle failure in the joints, cohesive zone model
was applied in the numerical analysis. In the FE-software
ANSYS, surface-to-surface contact elements were set on

Fig.3 Cohesive zone material
behavior

ﬁ,QO """"""""""""""""""

the predicted crack growth path. Cohesive zone material
(CZM) model with a bilinear traction separation law was
defined to characterize the constitutive relation of the
interface, which is shown in Fig. 3. For mode I fracture,
perpendicular-to-grain tensile strength f; oy, normal con-
tact stiffness K, and normal critical fracture energy Gi
were defined in the constitutive relationship. Similarly,
longitudinal shear strength f;, tangential contact stiffness
K., and tangential critical fracture energy Gé’ were set for
mode II fracture. Contact stiffness K, and K, are always
acted as a penalty parameter, and the values are always
quite high to prevent interpenetration of the element faces.
The perpendicular-to-grain tensile strength f, o, and shear
strength in the grain direction f, were obtained from mate-
rial property test conducted with small clear specimens,
and Weibull theory was applied to consider the volume
effect. u, and u, represent normal contact gap and tangen-
tial slip distance, respectively. For pure mode I or mode II
fracture, complete debonding occurs when the gap u, or i,
reaches its critical value u{ or u{. In the numerical analy-
sis, mixed mode fracture was considered and a combined
energy criterion was applied to determine the completion
of debonding, expressed as follows:

G Gy

GI  Gu Q)
where G; and Gy; represent the normal and tangential frac-
ture energies, respectively. To apply CZM model in business
software ANSYS, only the fracture energy and correspond-

ing material strength are needed to be defined and input in
the model.

Finite element model
Considering the initial cracks appeared in actual glulam

structures, in the depth direction, cracks always propagate
within one lumber and seldom cracks would pass through

Tt‘
fs """"""""""""

K

o
o

G = ‘[0 rdu,

(a) Fracture mode |

(b) Fracture mode Il
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the glue lines. Thus, the glue lines are not included in the
numerical model of bolted joints and the material prop-
erty of glulam is assumed to be transversely anisotropic.
Solid element SOLID185 with eight nodes defined in FE-
software ANSYS was used to embody the joints. Surface-
to-surface contact elements CONTA174 and TARGE170
were used to define the interaction between timber and
bolts, timber and steel plate, and bolts and steel plate. The
friction coefficients on the contact interface were taken
as 0.3 and 0.001 for wood-to-bolt and bolt-to-steel plate
contacts, respectively [1]. The friction between timber
and steel plate was neglected in the model. In the numeri-
cal model, the sizes of glulam members are 352.5 mm
in length and 240 X 90 mm in cross section. Bolts with
strength grade of 10.9 and diameter of 14 mm are applied

______ Fictitious fracture layer — Initial crack
CZM model

|
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|
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(a) without initial cracks (b) with initial cracks

Fig.4 The layouts of fictitious fracture layers in joints with or with-
out initial cracks

Fig.5 The distribution zones of

in the joint, which has a nominal yield stress of 900 MPa
according to Chinese code [27]. Different material models
are set for different wooden parts in the joint area. Near
the bolt holes, a cylinder with a radius of 1.8 times of bolt
diameter was set along the length of the bolt, named as
wood foundation zone. Contact pairs with CZM model
were set on the predicted crack growth paths, which were
determined based on the experimental phenomenon. Under
the tension load, splitting and plug shear failure were
observed in wooden parts underneath the first and second
bolt row, respectively, and the cracks extended to the end
of the glulam specimens. Thus, the assumed crack growth
paths in the numerical model are shown in Fig. 4. In terms
of plug shear failure, a block of wood with width of d sin ¢
is assumed to be plugged out by the bolt, where d is the
diameter of bolts and ¢ = 30° is determined as in [29]
by considering the friction between wood and bolt. This
is validated by a linear elastic numerical analysis, which
indicates high shear stress distributed along the fictitious
fracture layers. The remaining wooden parts were assumed
to be orthotropic linear elastic. The isotropic plastic mate-
rial model was applied to bolts and steel plate. The dis-
tribution zone with different material models is shown in
Fig. 5. The material constants used in this model are listed
in Table 1. A displacement control loading was applied on
the top end of the glulam elements and the displacement
of steel plate on the other end was fixed. The numerical
model with boundary conditions is presented in Fig. 6.

Test results and model verification

To validate the numerical model proposed in this research,
three configurations of bolted joints were designed and seven
replicates were tested for each configuration. The joints on
the top were designed much stronger than the bottom to
ensure that failure occurs at the same end and initial cracks

Orthotropic linear elastic

material modeling in the joints

Fo®
000

(a) Front view
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Table 1 Material constants
applied in this model

o o T
[T T T

Component Bolt Steel plate Wood Wood foundation
Modulus of elasticity (N/'mm?) E=2.1x10° E=21x10° E_=1.02x10* E, = 1.04x103
Err =510 Eg.r =103
Modulus of rigidity (N/mmz) - Girig = 1.01 % 103 Gyp g = 146
Ggr =177 Gy =36
Poisson ratio v=103 v=03 Virr = 0.37 Virr = 0.37
ver = 0.44 Vpr = 0.44
Yield stress (N/mm?) £, =900 £, =235 o, =23.50 o =20.58
o, = 23.50 6, =20.58
oR. = 3.68 oy =5.09
orrr = 5.7 OLriR = 35
orr = 1.6 opr = 2.8
Strengths (N/mm?) - Sro0 =27 Jro0 =27
=57 fo=517
Fracture energies (N/mm) - Gl =0.24 Gl =024
Gl = 0.55 Gl =0.55
T v T T T Slotted-in
11 steel plate
o -&- The joint on
L[] L the top end
_?- _?-
-é- -é- Stacking direction
&) |~ DD
4o-ged-
L] s A-A
_?__ __?_ E——
T The joint on
Initial / the bottom end
crack

Fig. 6 Meshing and boundary conditions of the numerical model

were set on the bottom end to investigate the influence on
the mechanical performance of joints. The stacking direc-
tion of the lamella in the experimental specimens is set and
shown in Fig. 7 and the position of initial crack is avoided
to overlap the glue lines. Detailed information of the joints
on the bottom is shown in Fig. 8. Initially perfect Joint 1-1
was used for reference, initial cracks on one side and both
sides of the steel plate were set in Joint 1-2 and Joint 1-3,
respectively. The initial cracks were set along bolt lines and
the crack depth was set from the front surface of the glulam
specimen to the inner slot, which was based on the experi-
mental research conducted by Sjodin [26]. The length and
depth of the initial cracks through a bolt is set as 97 and
38.5 mm, respectively. The material properties of wood in
the specimens were obtained by individual material test
and used as the material parameters in the numerical mod-
eling, as shown in Table 1. The tension tests were conducted

Fig.7 The stacking direction of lamella in the experimental speci-
mens

according to ASTM D1761-12 [30]. All the specimens were
loaded continuously at a constant rate of 0.9 mm/min until
failure occurred. The failure modes of these three joints are
shown in Fig. 8. Brittle failures like plug shear and splitting
of wooden parts were observed in Joint 1-1, as shown in
Fig. 9a. In Joints 1-2 and 1-3, the initial cracks propagated
parallel to grain along the middle bolt line and brittle failure
of wood along the side bolt lines occurred with the further
application of tension load, as shown in Fig. 9b. The bolts
were stiff and strong enough and thus, no bolt bending was
observed, as can be seen in Fig. 9c.

The numerical model was developed to simulate the
mechanical performance of joints with the same con-
figurations and crack patterns in the tests. A compari-
son between numerical and test results was conducted
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Fig. 8 Detailed configurations Al Bl cl
of different crack types (dimen- - —
sions are in mm) 220 | % stoal |90 20 L e 0] 240 Steel +20,
6-M14 — §.'2 plate 6'M<_‘__;__._' plate’ ﬂ 6—M1\4 T plate’
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pemel g S @i S o s
[y} | 8 5 SN 2
Initial crack on by iti 353:5 5
AI I one side of the 383 CI ggttfls?ézcgf?;e o
steel plate B-B steel plate Cc-C
(a) Joint 1-1 (b) Joint 1-2 (¢) Joint 1-3

Fig.9 Failure modes of tension
joints: a failure of wooden
parts in Joint 1-1; b failure of
wooden parts in Joint 1-2 and
Joint 1-3; ¢ deformation of
bolts and bolt holes

Joint 1-1 - test
- Joint 1-2 - test
----- Joint 1-3 - test
Joint 1-1 - model
- Joint 1-2 - model
----- Joint 1-3 - model

200 +

160

120

Load (kN)

80
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0 T T T T T T T 1
0 2 4 6 8

Slip (mm)

Fig. 10 The comparison of numerical predicted and test obtained
load-slip curves of tension joints

for verification purposes. Figure 10 presents numerical
predicted and test obtained load—slip curves of tension
joints. The comparisons of initial stiffness and peak
bearing capacity obtained from experiments and numeri-
cal analysis are listed in Table 2. It can be seen that the
model predictions agree well with the test results in the
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Table2 Mechanical parameters obtained from experiments and
numerical analysis

Component Joint 1-1 Joint 1-2 Joint 1-3
EXP EXP EXP
(NUM) (NUM) (NUM)

Initial stiffness (kN/mm) 100 (148) 80 (140) 71 (138)

Peak bearing capacity (kN) 192 (199) 182 (193) 169 (183)

EXP indicates the values obtained from experiments; NUM repre-
sents the values derived from numerical analysis

peak load-bearing capacity and the deviation is within
8%. However, the initial stiffness obtained from numeri-
cal analysis is larger than the experimental values. There
are several factors which contributes this deviation. The
first one is the variability in properties of wood in the
test specimens. In the numerical model, the calibration
factors of wood foundation were obtained from half-hole
embedment tests, which were conducted with small clean
specimens. Another possible reason is the bolt clearance
existed in the test specimens. In the numerical modeling,
the clearance was not considered to improve the con-
vergence of the numerical analysis. Based on previous
researches [31, 32], the bolt clearance would decrease
the stiffness of bolted joints due to the lower final contact
area between the bolt and wood. Moreover, in the test
specimens, initial cracks with width of 1 mm were manu-
ally made by a wire saw. However, in the development of
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Fig. 11 Displacement plots in the grain direction of tension joints: a failure of wooden parts in Joint 1-1; b failure of wooden parts in Joint 1-2

and Joint 1-3; ¢ deformation of bolts in Joint 1

numerical model, the width of initial cracks was set to be
zero for convenience, which would lead to a higher initial
stiffness from the numerical analysis. For initially perfect
Joint 1-1, a sudden drop of capacity occurs after reaching
the peak point with splitting failure of wood occurring on
side bolt lines. However, a relatively small decrease of
capacity is observed in the test curve. The main reason
for this discrepancy is the uneven properties of wood in
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the test specimens and splitting failures of wooden parts
at the symmetrical positions do not occur simultaneously
in the experiment. The slip at the peak point of numeri-
cal curves is smaller than the experimental values, which
is due to the variability in properties of wood in the test
specimens.

The failure modes obtained from the numerical analy-
sis are shown in Fig. 11. Plug shear and splitting failure
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Fig. 12 The crack patterns considered in the parametric study (dimensions are in mm)
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of wooden parts in the outer bolt lines occur in Joint 1-1,
similar to the experimental observations. In Joint 1-2
and Joint 1-3, the propagation of initial cracks and brit-
tle failure of wood are quite close to the failure modes
observed in the experiments, and no obvious bolt bend-
ing deformation is observed in the numerical analysis,
which indicates the feasibility of this numerical model
to predict the mechanical behavior and failure modes of
bolted glulam joints.

Parametric study
A parametric study was conducted with the validated

numerical model. The study focused on the influence of dif-
ferent crack patterns on bolted glulam joints with different

failure modes. In the above analyzed Joints 1-1~1-3, the
main observed failure modes are plug shear and splitting
failure of wooden parts. To investigate the effects of cracks
on the behavior of bolted joints with ductile failure modes,
bolts with strength grade of 5.6 and diameter of 12 mm were
used in Joint 2, which has nominal yield strength 300 MPa
according to Chinese code [27]. In terms of crack type, dif-
ferent crack lengths, crack locations and crack numbers
were considered in the analysis. The detailed information
of different crack patterns is shown in Fig. 12. The crack
notation consists of three parts, which are “A”, “B”, “C”,
respectively. “A” indicates the bolt lines cracks located in,
‘L’ and ‘M’ stand for cracks set in left and middle bolt line,
respectively, and ‘RL’ means cracks are set in both right and
left bolt lines; “B” describes the crack location, ‘S’ and ‘D’
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Fig. 13 Displacement plots in the grain direction of tension joints: a
failure of wooden parts in Joint 2 without initial cracks; b failure of
wooden parts in Joint 2 with crack LD1; ¢ failure of wooden parts
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deformation of bolts in Joint 2 with crack LRD1
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Fig. 14 Comparisons of load—slip curves for Joint 1 and Joint 2: a
Joint 1 with different numbers of initial cracks through a bolt; b Joint
1 with different numbers of initial cracks through two bolts; ¢ Joint 1
with two initial cracks through a bolt that have different crack loca-
tions; d Joint 1 with two initial cracks through two bolts that have

different crack locations; e Joint 2 with different numbers of initial
cracks through a bolt; f Joint 2 with different numbers of initial cracks
through two bolts; g Joint 2 with two initial cracks through a bolt
that have different crack locations; h Joint 2 with two initial cracks
through two bolts that have different crack locations
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indicates cracks set on one side and both sides of the steel
plate, respectively; and “C” represents the crack length, the
number ‘1’ and ‘2’ indicates cracks through one bolt and
two bolts, respectively.

For Joint 2, bolt bending deformation is observed in the
initially perfect joint, as shown in Fig. 13d, and splitting
of wood in the right bolt line occurs under further applica-
tion of tension load, as can be seen in Fig. 13a. In Joint
2 with initial cracks, propagation of cracks is commonly
observed, as shown in Fig. 13b, c. For Joint 2 with crack
pattern LD1, no bending deformation can be seen in the
left bottom bolt under the tension load and less bending
deformation is observed in the left top bolt, as shown in
Fig. 13e, which is caused by crack opening and propagation.
Similarly, for Joint 2 with crack pattern LRD1, no bending
deformation can be seen in the left and right bottom bolts
and those responding bolts on the top row are less bent than
the bolts in the middle line, owing to the existence of cracks,
as shown in Fig. 13f.

To further quantify the influence of different numbers of
cracks, crack locations and crack lengths on the mechani-
cal performance of Joint 1 and Joint 2, the comparisons of
load—slip curves for bolted joints with different crack pat-
terns are presented in Fig. 14. Further, the decreasing ratios
of capacity and initial stiffness of bolted glulam joints are
calculated and listed in the figure, which are obtained by
dividing the decrease of these two mechanical parameters
caused by initial cracks to those values of initially perfect
joints. Figure 14a, b conduct a comparison of the behavior of
Joint 1 with different numbers of cracks. Joint 1 with crack
pattern LS1, LD1 and LRD1 include single crack, two cracks
and four cracks in the joint, respectively. Cracks through one
bolt are considered in Fig. 14a, as can be seen from the fig-
ure, the capacity and initial stiffness of bolted glulam joints
are affected by initial cracks, and more decrease of these
two mechanical parameters occurs in the joints with more
cracks. The opening and propagation of initial cracks are
observed gradually with the application of external load.
For the bolts with cracks passing through, the crack opening
leads to the decrease of contact area between bolts and wood
in the dowel-embedment zone, which will affect the bolt-
to-wood interaction and thus, more decrease of capacity is
observed in joints with more cracks. Further, with the crack
opening, the wood near the bolt holes cannot carry the load
as a whole, which is a main reason for the decrease of initial
stiffness of the bolted joints. For Joint 1 with crack pattern
LRD1, the decreasing ratios of capacity and initial stiffness
can be up to 13.9% and 23.6%, respectively. Before reach-
ing the peak point, a drop of capacity can be found in joints
with initial cracks, which is caused by crack propagation.
Initial cracks through two bolts are considered in Fig. 14b.
Similar decreasing trend of initial stiffness and capacity can
be found for the joints with more initial cracks. For Joint
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1 with crack pattern LRD2, the decreasing ratios of the
capacity and initial stiffness can be up to 14.0% and 34.8%,
respectively. Compared to Fig. 14a, it can be seen that dif-
ferent crack lengths have similar influence on the capacity
of bolted joints, while longer cracks in Fig. 14b affect the
initial stiffness of joints more dramatically. As can be seen
from Fig. 14a, for joints with initial cracks through one bolt,
crack propagation occurs before reaching the peak point, and
the cracking conditions of the joints at the peak point are
similar to those with initial cracks through two bolts. Thus,
no significant difference is observed in the capacity of joints
with initial cracks of different lengths. However, before the
propagation of initial cracks, the opening displacements of
longer cracks are more significant, and thus, the initial stiff-
ness of joints is affected by the length of initial cracks.

Figure 14c, d present the load—slip curves of Joint 1 with
different crack locations. Two initial cracks through one bolt
are considered in Fig. 14c. As shown in the figure, initial
cracks at different locations reduce the capacity of bolted
joints to a similar extent, while the cracks set on side bolt
lines have more influence on the initial stiffness of tension
joints than those set on middle line. When initial cracks are
set in the middle bolt line, due to the symmetry of joints
about the middle line, the crack opening is restrained by
the wood on both sides of the symmetrical axis. Thus, the
decrease of initial stiffness induced by cracks set on middle
line is less significant than other cases. Further, from the
load—slip curves, it can be found that the drop of capacity
before reaching the peak point occurs much earlier in Joint
1 with crack pattern LD1 and LRSI than that with crack
pattern MD1. It indicates that the propagation of cracks set
on side bolt lines more easily occurs than those on middle
line. Two initial cracks through two bolts are considered in
Fig. 14d. As can be observed from the figure, the joints with
initial cracks at different locations have similar capacities,
and cracks on side bolt lines decrease the initial stiffness
of joints more significantly than those on middle line. The
decreasing ratio of initial stiffness reaches 21.1% in Joint 1
with crack pattern LD1.

For Joint 2 with ductile failure modes, a relatively flat
segment can be found in the load—slip curves, and a drop
of capacity caused by crack propagation is observed in the
joints, as shown in Fig. 14e-h. Similar to Joint 1, more
decrease of capacity is observed in Joint 2 with more initial
cracks, as can be found in Fig. 14e, f. Due to the existence
of initial cracks, the final state of bolts with initial cracks
passing through switches from producing significant bend-
ing deformation to remaining straight after applying external
load. Due to the existence of initial cracks, the capacity of
the bolts cannot be fully utilized, which is an intuitive rea-
son for the decrease of capacity of joints. The decreasing
ratio of joint capacity can be up to 16.5% with crack pattern
named LRD2. However, Joint 2 with different numbers of
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cracks have similar initial stiffness, which is quite different
from Joint 1. Initial stiffness of Joint 2 is dominated by the
bending stiffness of bolts and thus, similar initial stiffness is
observed for bolted joints with different numbers of initial
cracks. Comparing Fig. 14f to e, it can be seen that dif-
ferent crack lengths have similar effect on the capacity of
joints, while longer cracks impair the initial stiffness of Joint
2 more dramatically due to more significant crack opening
displacement produced in joints with initial cracks through
two bolts. Compared to Joint 1, the maximum decreasing
ratio of initial stiffness in Joint 2 is much lower. For Joint
2 with initial cracks through one bolt or set in the middle
bolt line, bolt yielding occurs earlier than the opening and
propagation of initial cracks. Thus, the cracks have little
influence on the initial stiffness of joints. With initial cracks
through two bolts and set on side bolt lines, more significant
crack-opening displacement were produced, but the decreas-
ing ratio of initial stiffness was still much smaller than Joint
(1). It indicates that cracks have more significant effect on
the initial stiffness of tension joints with brittle failure mode
than those with ductile bolt yielding failure mode. Another
big difference from Joint 1 is that initial cracks at different
locations have different influence on the capacity of Joint
(2). As can be found from Fig. 14g and h, cracks set on left
and middle bolt line lead to the maximum and minimum
decreasing ratio of capacity, respectively. In Joint 2, with
initial cracks set in the middle bolt line, bolt yielding occurs
earlier than the opening and propagation of initial cracks and
thus, little influence of the cracks is observed on the capacity
and initial stiffness of joints.

Conclusions

The paper presents the numerical results of bolted glulam
joints under tension load. A numerical model with the intro-
duction of initial cracks was developed and verified by the
results obtained from a full-scale experiment. Hill yield cri-
terion and CZM law were introduced in the model to sim-
ulate the bolt yielding failure and brittle failure of wood,
respectively. To further investigate the effect of different
crack patterns (i.e., crack lengths, crack locations and crack
numbers) on the behavior of tension joints with different
failure modes, a parametric study was conducted with the
validated model. The following conclusions can be drawn:

1) For bolted joints with brittle failure mode, the principal
factor affecting the reduction of the capacity is the crack
numbers, and more decrease of capacity is observed in
joints with more cracks. For bolted joints with brittle
failure mode, except for crack numbers, crack locations
also affect the decrease of capacity. Cracks set on side

bolt lines lead to more decrease of capacity compared
to cracks on middle lines.

2) In terms of the decrease of initial stiffness, for bolted
joints with ductile failure mode, the principal factors
include the crack lengths and crack locations, and longer
cracks set on side bolt lines affect the initial stiffness
more dramatically. For bolted joints with brittle failure
mode, except for crack lengths and crack locations, crack
numbers also affect the decrease of initial stiffness and
more cracks lead to more decrease of initial stiffness of
joints.

3) Compared to bolted joints with ductile failure mode, ini-
tial cracks have more significant influence on the initial
stiffness of joints with brittle failure mode, which can be
reduced by up to 34.8%. The maximum decreasing ratios
of capacity are similar for joints with brittle or ductile
failure mode, which are 14.0% and 16.5%, respectively.
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