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� Glued-in rod connections have high potential for use in CLT structures.
� FE analyses of various connections with glued-in rods in CLT performed.
� Different rod diameters, glued-in lengths and rod-to-grain angles studied.
� Capacity of the connection increases with the glued-in length and the rod diameter.
� Connections with rod perpendicular to grain have higher load bearing capacities.
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Numerical simulations and parametric studies of glued-in rods in cross-laminated timber have been per-
formed. The simulations were based on 3D finite element analysis, using a cohesive surface model for the
bond-lines between the laminations and the bond-line along the rod. The parametric studies investigated
the influence of the glued-in length, the rod diameter, and the rod-to-grain angle on the load-bearing
capacity and stiffness of the connection. The analyses showed that the load-bearing capacity generally
increases with the glued-in length and the rod diameter, which agrees well with experiments. For differ-
ent rod-to-grain angles, different mechanical behaviour was observed, especially considering the failure
modes.
� 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Glued-in rods in timber elements are considered to be a highly
efficient type of connection, mainly for the following reasons: (i)
higher strength and stiffness compared to dowel-type fasteners,
(ii) good fire resistance, (iii) adaptability from the architectural
point of view, (iv) relatively low overall cost, and (v) the possibility
of production in a controlled environment. Glued-in rods have
been used in practice for many years, extensively for glued lami-
nated timber and to some extent also for laminated veneer lumber
(LVL) applications. Experimental research dates back to the 19800s,
e.g. the work of Riberholt [1], Kangas [2] and Ehlbeck & Siebert [3].
As regards cross laminated timber (CLT), experience is very limited,
although it is probable that glued-in rods could be used efficiently
also in the case of CLT. Different applications in CLT are possible,
such as: (i) connections between CLT walls, (ii) connections
between CLT walls and beams, (iii) connections between CLT and
structural elements made of other materials (e.g., CLT-steel and
CLT-concrete). Due to the increased interest in the construction
of mid- to high-rise structures with CLT, there is a need for
research covering the mechanical resistance of glued-in rod con-
nections for CLT.

One of very few reports on the behaviour of glued-in rods in the
case of CLT can be found in [4], where the results of a combined
experimental and numerical study are presented. The failure
modes and pull-out strengths of 12 different specimen types were
studied. All the specimens were bonded with epoxy adhesive, and
a pull-pull test configuration was used, in which the rod was
located in the plane of the CLT. It was found that both the
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rod-to-grain angle (i.e. the angle between the longitudinal axis of
the rod and the grain direction of the wood in the CLT layer within
which the rod is placed) and the composition of the CLT element
had an influence on the failure modes, whereas the rod diameter
and its glued-in length had an influence on the pull-out load-
bearing capacity. It was also concluded that the axial stiffness of
the CLT cross section affects the shear stress distribution along
the adhesive-timber interface, and so has a significant influence
on the pull-out response. The performed study had, however, its
limitations in the number of specimens and in the number of vari-
ants tested (all the tested rods had a diameter of 12 mm and their
maximum glued-in length was 160 mm, whereas two different CLT
cross section lay-ups were used, and two different rod-to-grain
angles were investigated). This means that the findings of the
study cannot be generalised. In another study [5], glued-in rods
were used as a part of an innovative connection between a CLT
panel and a glulam frame. A polyurethane (PUR) adhesive and dif-
ferent rod-to-grain angles were tested with a pull-compression
test configuration. Although neither the glued-in length nor the
rod diameter were varied, it was confirmed that the rod-to-grain
angle has a strong effect on the pull-out load-bearing capacity,
resulting in an increased capacity when the angle is increased. A
similar effect was found in the case of the connection’s stiffness,
which showed a decreasing trend as the rod-to-grain angle was
increased.

Apart from the information obtained in the above-mentioned
studies [4,5], few reports are available in the literature about the
behaviour of glued-in rods in CLT, especially concerning numerical
modelling. However, for the purpose of this paper the findings of
previous studies related to the modelling of glued-in rods in other
materials (e.g. structural timber, glulam and LVL) could, to some
extent, be relevant. Several authors have used numerical methods,
mostly in form of finite element (FE) analysis, to study the stress
distribution in glued-in rod connections. Early examples of the
use of FE-analysis in the modelling of glued-in rods can be found
in [6–10]. In these studies linear elastic models were applied in
order to investigate the stress distribution in the timber-adhesive
bond-line, and its dependence on geometrical parameters. A first
attempt to use more complex models was presented in 1995 by
Johansson et al. [10]. In this study both analytical expressions
based on the so-called generalised Volkersen theory, and
approaches based on nonlinear FE-analysis including strain-
softening behaviour, were included. Later, somewhat more com-
plex modelling approaches were presented by Serrano et al.
[11,12], where nonlinear 3D FE-analyses were used to perform the-
oretical parametric studies, providing an insight into the most
influential parameters; e.g. glued-in length, bond-line strength,
fracture energy and mode of loading (pull-pull vs. pull-
compression). A strain-softening crack band model (similar to a
Cohesive Zone Model (CZM)) was used to characterise the beha-
viour of the adhesive layer between the rod and the timber,
whereas a number of analytical expressions based on fracture
mechanics were also discussed. The theoretical results were com-
pared to experimental results, showing a good fit [12]. Del Senno
et al. [13] established a linear elastic FE-model in order to deter-
mine which parameters had the greatest effect on the shear stress
distribution in the bond-line. One of their conclusions was that the
edge-hole distance has only a small effect on the shear stress dis-
tribution. They also found that the shear stress peaks are reduced
when the thickness of the glue line is increased, whereas this thick-
ness appears to have a negligible effect on the radial stresses (i.e.
on the stresses acting perpendicular to the grain if the rod is placed
parallel to the latter). Gardelle and Morlier [14] compared the
experimental results with strength predictions which were based
on linear elastic FE-analysis, and on analytical nonlinear fracture
mechanics models, using the same approach as Serrano et al.
[11,12], showing again that these predictions provide a lower
and an upper limit for the failure of glued-in rod connections.

FE-analysis has also been used in some recent studies dealing
with glued-in rods or other related fields of timber engineering,
such as nailed and screwed timber joints, hold-down connections,
and different types of composite timber connections [15–22].
Some of these studies made use of linear elastic 3D FE-analysis
in order to investigate the stress response in the connections,
whereas others used more elaborate models, including probabilis-
tic models and CZMs to analyse, for instance, the effect of different
rod spacings, as well as that of glue-line thickness, on the pull-out
load-bearing capacity.

An extensive experimental study of the behaviour of glued-in
rods in CLT was recently performed by some of the authors of this
paper [23]. The aim of that study was to investigate the differences
in response between glued-in rods in CLT and glued-in rods in
other materials (e.g. structural timber, glulam, and LVL). For the
purposes of the study more than 60 pull-pull tests were performed.
The specimens varied in terms of their glued-in length (from 80 to
400 mm), rod diameter (from 16 to 24 mm), and rod-to-grain angle
(parallel and perpendicular). Several different failure modes that
are not commonly observed in the case of other applications of
glued-in rods (e.g. failure between CLT layers) were obtained, espe-
cially in the case of greater glued-in lengths. It was found that
these failure mechanisms can have a substantial effect on the ulti-
mate load. A comparison of the experimental results with results
obtained by using existing design equations showed that the latter
tended to overestimate the ultimate loads in the case of specimens
where the rod is placed parallel to the grain, and to underestimate
them in the case of specimens where the rod is placed perpendic-
ular to the grain. The existing design equations are therefore, in
most cases, inappropriate for glued-in rods in CLT. However, the
results of the study indicated that the equations could, potentially,
be used as a basis for the definition of design expressions in the
case of connections where there is no failure of the CLT cross sec-
tions (i.e. connections where the rod is placed parallel to the grain,
and is in the middle of the CLT layer, where the rod diameter is
small (�12 mm) and the bonded-in length is short (�120 mm)).
The practical relevance of such small bonded-in rods is, however,
in all probability, limited. It should be noted that, on the basis of
the 60 tested specimens, it is still difficult to predict the general
response of glued-in rods in CLT, since there are many possible
influencing parameters which were either not investigated, or else
investigated only to a limited extent (e.g. the rod-to-grain angle,
the rod diameter, the glued-in length, the geometry of the connec-
tion, the CLT lay-up, and the position of the rod in the CLT cross-
section).

The work presented in this paper is concerned with numerical
simulations and parametric studies of glued-in rods in CLT. The
numerical simulations are based on FE-analysis, and the input
parameters were calibrated based on the above-described experi-
mental study [23]. The FE-model consisted of linear elastic parts
for the CLT laminations (i.e. structural timber boards, usually finger
jointed, being part of timber layers in CLT) and for the steel rod,
whereas the adhesive bond-line between the CLT laminations
and the adhesive bond-line along the glued-in rod were modelled
using a CZM approach. On the basis of the calibrated numerical
model a parametric study was performed, where the glued-in
length and the rod diameter were varied. In the last part of the
study the behaviour of the connection in the case of different
rod-to-grain angles was investigated. The research presented in
this paper represents a first step towards the proposal of design
equations which would take into account the unique response of
glued-in rods in CLT.



Table 1
Basic dimensions of the specimens which were used for calibration of the numerical
models [23].

Specimen L [mm] n0 [�] n90 [�] la [mm] dh [mm] d [mm]

La80/ 340 2 2 80 20 16
La160/ 680 3 3 160 20 16
La240/ 1020 5 4 240 20 16
La320/ 1360 6 5 320 28 24
La400/ 1700 8 6 400 28 24

Note: L = total specimen length (based on [23]), n0 = number of transverse boards for
the parallel to grain model, n90 = number of transverse boards for the perpendicular
to grain model, la = glued-in length of the rod, dh = hole diameter, d = rod diameter.
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2. Numerical modelling and description of the input parameters

2.1. 3D model description

The numerical model was defined so that it would be able to
capture the different failure modes encountered during the exper-
imental testing of glued-in rods in CLT [23]. The pull-pull test con-
figuration shown in Fig. 1, with a threaded rod glued into the
centre of the CLT cross section, was modelled using the FE software
Abaqus VR2017 [24]. The loading was applied to the rod in a dis-
placement controlled manner until complete failure occurred. In
the case of the numerical models the same 5-layered CLT, without
edge-bonding between the CLT laminations, was assumed, as in
the experiments. The layer thicknesses were 33/20/34/20/33 mm
and the lamination widths were 200 mm in the case of the thicker
layers, and 120 mm in the case of the thinner layers. In the FE-
model, symmetrical behaviour was assumed in all three directions.
Altogether 10 different basic models for calibration with experi-
ments were defined according to Table 1, with five different
glued-in lengths and two different rod-to-grain angles for each
glued-in length: parallel (a = 0�) and perpendicular (a = 90�) to
the grain.

The differences between the parallel and perpendicular to the
grain models were mainly in the basic geometry (Fig. 1). The axis
of the glued-in rod is parallel to the wood fibre direction in the core
(centric) layer of the 5-layered CLT for the parallel to grain model
(Fig. 1a), and perpendicular to the wood fibre direction in the core
layer for the perpendicular to grain model (Fig. 1b). In the case of
Fig. 1. Example of the basic model in Abaqus for calibration with the
the perpendicular to grain models, a width of 50 mm was assumed
for the edge laminations with grain orientation perpendicular to
the rod axis. The total length of each model (L) was assumed to
be the same as the length of the specimens in the experiments
[23]. Each specimen length was defined according to the glued-in
length of the rod (la).

The parts of the 3D model representing the C24 timber lamina-
tions were modelled as linear elastic and orthotropic with the stiff-
ness properties presented in Table 2. The threaded rod was
modelled as a linear elastic and isotropic steel part, with modulus
of elasticity E = 210,000 MPa and Poisson’s ratio m = 0.30. Similarly,
the adhesive layer along the rod was modelled as a 2 mm thick lin-
ear elastic and isotropic part, with E = 2600 MPa and m = 0.25.

The face bonding of the timber laminations was modelled using
a surface-to-surface interaction approach, including hard contact
experiments: a. parallel and b. perpendicular to the grain model.



Table 2
Timber lamination stiffness properties.

E1 E2 E3 m12 m13 m23 G12 G13 G23

[MPa] [MPa] [MPa] [�] [�] [�] [MPa] [MPa] [MPa]

Spruce C24 (Picea abies) 11,000 370 370 0.40 0.40 0.45 690 690 50

Note: E1, E2, E3. . . elastic moduli in the longitudinal, radial and tangential directions of the wood [25].
m12, m13, m23. . .Poisson’s ratios, where the first index refers to the direction of the applied stress and the second index to the direction of lateral deformation [26].
G12, G13, G23. . . moduli of rigidity in the 12, 13 and 23 planes respectively [25].
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in compression and nonlinear cohesive behaviour in tension per-
pendicular to the contact surfaces and in two shear directions par-
allel with the contact surfaces. A strain softening model with a
damage initiation criterion based on the maximum nominal stress,
and linear softening behaviour was assumed. The bond-line
between the adhesive and the rod was modelled using a tie
constraint, whereas the bond-line between the adhesive and the
timber along the rod was modelled using the same type of
surface-to-surface interaction approach as used for the flat-wise
bonding between the timber laminations. The models were cali-
brated (see the next section) to the experimental test results by
adjusting the value of the displacement at failure (dF) in order to
achieve a good fit between experimental and numerical results in
terms of global strength and stiffness. A viscosity coefficient
g = 0.005 was applied for model stabilization. The calibrated model
strength and stiffness parameters are presented in Table 3.

Since most of the experimentally observed failure modes
directly involved the timber adhesive bond-line along the rod
[23], a fine and regular mesh was used in these regions to model
the rod and the epoxy adhesive. These elements exhibited aspect
ratios close to 1:1:1 and the volumes of the elements ranged from
5 to 30 mm3, whereas the other elastic parts were modelled using a
slightly coarser mesh (the volumes of these elements ranged from
50 to 200 mm3). A mesh sensitivity analysis was performed on one
model with la = 80 mm and a rod parallel to the grain. The analysis
showed that the difference in the global results was negligible (the
difference in load capacity was less than 0.5%, and less than 5% for
global stiffness) when the number of elements was doubled. The
same linear 8-node elements with full integration (denoted C3D8
in Abaqus) were used for all parts of the models.

2.2. Description of the output variables

In order to compare and evaluate the results of the numerical
parametric study and the results of the experimental tests, some
specific output variables were defined as stated below.

(i) Ultimate tensile load [Fax]: the maximum tensile force
occurring during the loading.

(ii) The effective global stiffness [keff]: defined as the ratio F40�F10
u40�u10

,

where F40 and F10 are 40% and 10% of Fax, respectively, and
where u40 and u10 are the corresponding displacements at
Table 3
Properties for the cohesive surfaces: timber-adhesive bond-line along the rod and flat-wis

r s1 s
[MPa] [MPa] [

Timber adhesive bond-line along rod (0� model) 5 10.9 1
Timber adhesive bond-line along rod (90� model) 5 10.9 1
Flat-wise bonding between timber laminations 5 1.5 1

Note: r . . . strength in the normal direction, limited by the perpendicular to the grain te
s1, s2 . . . shear strengths; based on [23,29] for the surface along the rod and limited to
Knn . . . stiffness in the normal direction [32].
Ktt,1, Ktt,2 . . . stiffness in the shear directions [32].
df . . . displacement at failure (calibrated value).
g . . . viscosity coefficient (a sufficiently small value to have a negligible effect on the fin
the loaded end of the rod. The global stiffness values deter-
mined for the numerical models (keff,0 and keff,90) were com-
pared with the corresponding average stiffness values for

each test series (k
�
eff ;0 and k

�
eff ;90).

(iii) Stiffness degradation (denoted as CSDMG in Abaqus) along
the rod [T]: indicates the extension of damage in the adhe-
sive bond-line between the rod and the CLT, at Fax. T [�] is
defined as the proportion of the timber-adhesive bond-line
along the rod that has experienced damage initiation and
stiffness degradation, where T = 0 corresponds to a state of
no damage and pure linear elastic behaviour of the complete
bond-line area, and T = 1.0 corresponds to a state where
damage initiation has occurred over the complete bond-
line area.

(iv) Stiffness degradation (CSDMG) between CLT layers [C]: indi-
cates the extension of damage in the flat-wise bonding
between the timber laminations, at Fax. C [�] is defined as
the proportion of the bonded area that has experienced
damage initiation and stiffness degradation, where C = 0
corresponds to a state of no damage and pure linear elastic
behaviour of the complete bonded area, and C = 1.0 corre-
sponds to a state where damage initiation has occurred over
the complete bonded area. Different reference areas are con-
sidered for the parallel and perpendicular to grain models
(Fig. 1): C0 relates to the parallel to grain models and a ref-
erence area of 120 � 150 mm2 while C90 relates to the per-
pendicular to grain models and a reference area of
250 � 150 mm2.

Variables (i) and (ii) are available from the numerical results as
well as from the experimental tests, whereas variables (iii) and (iv)
are defined in order to enable comparisons between the numerical
analyses only.
3. Calibration of the 3D model with experimental data

Some of the input parameters for the FE-model were calibrated
to the results of the experimental study [23], whereas the other
input parameters were set according to values found in the litera-
ture. The timber lamination stiffness parameters according to
Table 2 were used for all the analyses, without any calibration to
e bonding of the timber laminations.

2 Knn Ktt,1 Ktt,2 df g
MPa] [N/mm3] [N/mm3] [N/mm3] [mm] [�]

0.9 1300 500 500 0.1 0.005
0.9 1300 500 500 5.5 0.005
.5 500 500 500 1.5 0.005

nsile strength of spruce [27,28].
the rolling shear properties of CLT [30,31].

al result).
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the experimental results. The tensile strength r (stress perpendic-
ular to the bond-line) was assumed to be equal for all the adhesive
bond-lines (Table 3), corresponding to an assumed timber strength
in tension perpendicular to the grain [27,28]. The in-plane shear
strengths s1 and s2 of the timber-to-timber bond-line were
assigned fixed values according to Table 3, corresponding to
assumed rolling shear strength of the timber laminations [30,31].
The stiffness parameters of the flat-wise bonding between the lam-
inations were further assigned the values given in Table 3, which
are similar to the values used for the FE-analyses of CLT beams pre-
sented in [32].

The shear strengths s1 and s2 of the timber-adhesive bond-line
along the rod were determined based on the experimentally found
strengths with specimens with the rod placed parallel to the grain
and having a bonded-in length of la = 80 mm [23]. The value found
(10.9 MPa), was higher than the expected timber strength. Such
high values have, however, also been confirmed in other studies
[29], and can be explained by the fact that the strength represents
the local strength (at a material point), and possibly to some extent
also by the state of stress at failure, in which frictional forces also
play a role at pull-out.

In order to capture the difference in the response observed in
the experiments for the two specimen types, different values of
the displacement at failure df were assumed for the timber adhe-
sive bond-line along the rod for the parallel to grain models and
for the perpendicular to grain models, respectively (Table 3). These
values were determined based on a calibration to the experimen-
tally found responses of the specimens with different bonded-in
lengths, considering rod placements parallel and perpendicular to
the grain, respectively. The displacement at failure is a mechanical
model characteristic, which is difficult to obtain experimentally,
and information in the scientific literature on the specific epoxy
adhesive and the bond-lines oriented according to different
wood-to-grain angles could not be obtained. During calibration
of the parallel and perpendicular to the grain models, the sensitiv-
ity of their prediction to changes of the value df was investigated.
The investigation involved different values of df, ranging from
0.05 to 11. In the experiments, the parallel to the grain specimen
failed in a brittle manner. When calibrating the parallel to the grain
models, df = 0.1 yielded brittle failure and also the smallest differ-
ence between the predicted and experimentally determined aver-
age capacity of each test series. For the perpendicular to the grain
models, values of df between 1.5 and 11 influenced the bearing
capacity only by approximately 10%, so that an intermediate
value of 5.5 mm was chosen (Table 3). This value was also
found to provide good agreement regarding the shape of the
force-displacement curves after reaching maximum load (in the
post-failure part of the curve). Using the above-described approach
during calibration it is thus clear that it was assumed that the
bond-line between the rod and the CLT had the same strength
irrespective of the rod-to-grain angle. This is obviously a simplifi-
cation. Furthermore, for the case of a perpendicular rod, shear
along the rod is transferred partly as longitudinal/transverse shear
and partly as rolling shear, depending on the position in the cir-
cumferential direction, and thus a varying strength could be
expected in that circumferential direction. In order to keep the
model simplified, these characteristics were not modelled.

The results in terms of the load vs. rod displacement relation-
ship of the experimental tests and the corresponding FE-analysis
are shown in Fig. 2. In general, the experimental and numerical
results agree well, although some deviations can be observed:

� For the parallel to grain models, the ultimate tensile load Fax,0
and the effective global stiffness keff,0 are in general overesti-
mated compared to the mean experimental results.
� For the perpendicular to grain models, the ultimate tensile load
Fax,90 is slightly overestimated, whereas the effective global
stiffness keff,90 is in most cases slightly underestimated com-
pared to the mean experimental results.

A possible error source in the calibration process is the simpli-
fied approach as regards the bond-line properties in the circumfer-
ential direction mentioned above. However, it was not deemed
meaningful to introduce additional parameters into the model
since these would be very difficult to verify. Another error source
could be the assumption of linear elastic behaviour of the timber
laminations in the numerical analyses. The results of the experi-
ments presented in [23] showed that some failure modes included
a fracture within the timber laminations. Although different failure
modes occurred within each test series, this proved to have negli-
gible effect on the average capacity values [23]. Nevertheless, the
numerical modelling could be further improved by introducing
nonlinear behaviour of the timber laminations and taking into
account a broader variety of glued-in rod connections in the CLT,
which were not considered in this paper (e.g. connections with
the rod placed between the two CLT layers, the use of CLT with
bonded lamination edges etc.).

4. Parametric studies

4.1. Rod diameter and glued-in length

The calibrated numerical models were further used for para-
metric studies, whose main objective was to investigate the
response of the glued-in rod connections for different rod diame-
ters and different glued-in lengths. The rod diameter d was varied
between 4 and 28 mm, in steps of 2 mm. The thickness of the adhe-
sive layer was set to 2 mm for all models, the same value as used in
the experiments [23]. The same glued-in lengths as used in the
experiments (la = 80, 160, 240, 320 and 400 mm) were also taken
into account for the parametric studies. The results for the parallel
to grain models and the perpendicular to grain models, in terms of
the influence of the glued-in length la and the rod diameter d on
the output variables Fax,0, C0, and Τ0, are shown in Figs. 3 and 4,
respectively. It should be noted that the glued-in rods were mod-
elled as linear elastic in the numerical analyses, so that the results
do not include any rod yielding or failure. The load-carrying capac-
ity of the steel rod, assuming steel of grade 10.9, is indicated by the
dotted lines in Figs. 3 and 4. As can be seen in Fig. 4, the capacity of
such a rod was in some cases smaller than that of the adhesive
bond-lines.

The results of the numerical analyses show a comparatively low
degree of damage between the CLT laminations for the parallel to
grain models, with C0 � 0.20 for all analyses, meaning that 20%
or less of the observed surface between the CLT laminations has
experienced damage initiation and stiffness degradation when
reaching the respective maximum loads. In the analyses, no shear
failure between the CLT laminations was observed for rod diame-
ters d � 14 mm. The analyses furthermore predict the extension
of damage in the flat-wise bonding between the CLT laminations
to increase for larger rod diameters and greater bonded-in lengths.
These findings agree well with the experimental results presented
in [23].

As expected, the maximum tensile load Fax,0 increased with the
rod diameter and the glued-in length. However, after a certain size
of rod diameter has been reached, Fax,0 does not increase substan-
tially with further increase in the rod diameter. For example, the
difference in Fax,0 between the glued-in rod diameters 20 mm
and 26 mm is only 5% for the parallel to grain models with
la = 240 mm (Fig. 3). This relationship is connected to the output



Fig. 2. Load vs. rod displacement response of the calibrated numerical models (coloured curves) and the experimental tests (grayscale curves). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The maximum tensile load (Fax,0) and damage parameters for the timber-
adhesive contact surface along the rod (Τ0) and the contact surface between the
timber laminations (C0), depending on the glued-in rod diameter (d) and the glued-
in length (la) for the parallel to grain models.

Fig. 4. The maximum tensile load (Fax,90) and damage parameters for the timber-
adhesive contact surface along the rod (Τ90) and the contact surface between the
timber laminations (C90), depending on the glued-in rod diameter (d) and the
glued-in length (la) for the perpendicular to grain models.

B. Azinović et al. / Construction and Building Materials 212 (2019) 431–441 437
parameter C0 which indicates the extension of damage between
the CLT laminations. As can be seen in Fig. 3, the shape of the
curves representing Fax,0 andC0 are similar, and the maximum ten-
sile load Fax,0 is reached at approximately the maximum value of
C0.

The parameter Τ0, indicating the extension of damage in the
adhesive bond-line along the rod, varied between 0.20 and 0.40
for the analyses of the parallel to grain models presented in
Fig. 3. For small rod diameters Τ0 was much higher than C0. How-
ever, the parameter C0 clearly increases with increasing rod diam-
eter whereas the parameter Τ0 is fairly constant or decreases
slightly. An interpretation of this is that, for increasing rod diame-
ters, the failure mode is more dominated by failure between the
CLT laminations, and less by pull-out of the glued-in rod.

The results obtained for the perpendicular to grain models
(Fig. 4) are, in general, similar to those obtained for the parallel
to grain models (Fig. 3): larger rod diameters and larger bonded-
in lengths yield higher ultimate tensile loads Fax,90. Similarly,
Fax,90 is related to the output parameter C90 and there is an optimal
rod diameter for each glued-in length beyond which there is no
significant increase in the load-bearing capacity. However, there
is a significant difference between the parallel and perpendicular
to grain models, which relates to the extent of damage in the
bond-line along the rod (Τ90) and the bond-line between the CLT
laminations (C90). The parameter C90 is, in general, larger for the
perpendicular to grain models compared to the parallel to grain
models. For rod diameters d = 20–28 mm and glued-in lengths
la = 240–400 mm the values of C90 are within the range of 0.65–
0.75. For the parallel to grain models, the values of C0 range from
0 to about 0.20 for all the rod diameters and glued-in lengths. It
should be noted that the absolute values of C0 and C90 are not
directly comparable, since different definitions of the considered



Fig. 5. Geometry and description of the simplified 3D FE model for the
parametrization of the rod-to-grain angle (a).
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reference areas are used for the two different types of models
(Section 2.2).

Damage in the surface between the CLT laminations (C90)
appears in the case of rod diameters larger than about 10 mm.
The extent of damage in the bond-line along the rod (Τ90) is almost
100% for rod diameters d � 16 mm, but reduces to 60–80% for lar-
ger diameters. This can be explained as follows: when larger diam-
eters are used, a larger load is applied to the adhesive surfaces
between the CLT laminations. Additionally, the distance between
the rod’s circumferential surface and the adhesive layer between
two CLT laminations decreases, which means that, at a given load
level, the shear stress is greater at the location of the adhesive layer
between the CLT laminations and also more concentrated to the
area closer to the rod, thus inducing damage over a larger part of
the reference area considered.

The results of the parametric study indicate a higher load-
bearing capacity for the perpendicular to grain models compared
to the parallel to grain models. This result applies to all rod lengths,
and was also confirmed by the experiments [23]. Large differences
between the rod orientations were also found for the output
parameters C and Τ, which describe the extension of damage in
the bond-lines between the CLT laminations and the bond-line
along the rod. In general, the extension of damage at the ultimate
tensile loads of the perpendicular to grain models was higher com-
pared to the corresponding parallel to grain model. This result is in
line with the observations during the experiments where a differ-
ence in failure mechanisms [23] was seen. The experiments
showed that the perpendicular to grain specimens failed mainly
at the bond-lines between the CLT laminations (adhesive failure
or rolling shear failure), whereas the parallel to grain specimens
failed mainly at the timber-adhesive bond-line along the glued-in
rod. In general, this experimental finding fits well with the numer-
ically determined values of the damage parameters C and Τ.

4.2. Rod-to-grain angle

The main aim of the second parametric study was to investigate
the axial response for the case when the rod is glued at different
angles to the grain direction of the core layer of the CLT element.
There are several applications in which such a rod orientation
could be useful, e.g. at connections between a steel frame and a
CLT infill [5]. The results of the experiments presented in [23], as
well as those obtained from the numerical analyses presented in
Section 4.1, showed a significant difference between the parallel
to grain models and the perpendicular to grain models, possibly
also indicating a major influence on the connection’s load-
carrying capacity for intermediate rod-to-grain angles.

In order to capture the connection response at any rod-to-grain
angle in a reasonably convenient manner, the 3D model described
in Section 2 was simplified. The simplified numerical model was
assembled with individual parts representing each CLT layer, as
illustrated in Fig. 5. It was assumed that the individual laminations
within the respective layers were perfectly bonded along their nar-
row faces. With this approach, the ultimate tensile load is probably
overestimated since the failure mode associated with complete
lamination tear-out is restricted. The cohesive surfaces modelling
the flat-wise adhesive bond-line between the CLT layers and
timber-adhesive bond-line along the rod were defined using the
same input parameters as described in Section 4.1, and are given
in Table 3. Different values of the displacement at failure df were
used for the analyses of the parallel and perpendicular to grain
models, as presented in Section 4.1. For the here considered
numerical analyses of intermediate rod-to-grain angles, the dis-
placement at failure for the timber-adhesive bond-line along the
rod was linearly interpolated from df = 0.1 for the 0� model to
df = 5.5 mm for the 90� model. The same type of analysis as
described in Section 2, with monotonic static loading, was per-
formed also for the here considered simplified models.

The load vs. displacement responses for each of the considered
rod-to-grain angles are shown in Fig. 6 for the models with a
glued-in length of la = 160 mm and a rod diameter of d = 16 mm.
The results indicate that the behaviour for larger rod-to-grain
angles a is more ductile compared to the 0� model. This is partly
a consequence of the different assumed values for the displace-
ment at failure df for the different models, and also a consequence
of the lower effective global stiffness keff of the models with a lar-
ger rod-to-grain angle a.

The results of the simplified model (Fig. 6) and the more com-
plex model (Fig. 2 and Fig. 3) agree, as expected, rather well for
rod orientations parallel to the grain (a = 0�). The predicted ulti-
mate loads for the two respective models are 85 kN and 70 kN, cor-
responding to a 21% increase for the simplified model compared to
the more complex model. For rod orientations perpendicular to the
grain (a = 90�), the corresponding ultimate loads for the two
respective models are 110 kN and 85 kN, giving a relative differ-
ence of 29%. The difference in the predicted ultimate tensile loads
between the simplified and more complex models is expected to
decrease for shorter glued-in lengths and to increase for longer
glued-in lengths.

The maximum obtained tensile load Fax as influenced by the
rod-to-grain angle a is shown in Fig. 7, for glued-in lengths
la = 80 and 160 mm. It can be seen that minimum values of Fax
are obtained for a rod orientation parallel to grain (a = 0�) for both
the glued-in lengths considered. The load Fax then increases with
the angle a until a maximum value is reached at a � 20–30�. As
the angle a is further increased, there is a drop in the ultimate load,
which reaches a local minimum at a � 60� before increasing again
with a further increase in the rod-to-grain angle. Similar results
were obtained also in the case of the experimental tests of glued-
in rods in CLT reported in [5].

Fig. 8 shows the effective global stiffness keff as influenced by
the rod-to-grain angle a for the glued-in lengths la = 80 and
160 mm. It should be noted that the parameter keff is the global
effective stiffness of the complete connection (including the steel
rod, the adhesive layers, and the CLT, explained in Section 2.2),
and should therefore not be confused with the CLT stiffness. The
results show that keff increases slightly with increasing a between
0� and 15�, the maximum stiffness occurring at a = 15�. With a fur-
ther increase in the rod-to-grain angle a, a gradual drop in stiffness
occurs, and the minimum stiffness is obtained for a = 90�. This
decrease in stiffness with the angle a is mainly related to the



Fig. 6. Load vs. rod displacement response for different rod-to-grain angles, for a bonded-in length la = 160 mm and a rod diameter d = 16 mm.

Fig. 7. Ultimate axial load Fax for glued-in rod lengths of la = 80 and 160 mm plotted
against the rod-to-grain angle a.

Fig. 8. Effective global stiffness keff for glued-in rod lengths of la = 80 and 160 mm
plotted against the rod-to-grain angle a.
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stiffness of the CLT element itself, and hence related not only to the
angle a but also to the number of CLT layers and the individual
lamination thicknesses. In general, a similar relationship between
the global effective stiffness and the angle a can be expected (i.e.
a decrease in stiffness with a) for all CLT panels, although the abso-
lute values will vary depending on the analysed CLT lay-up.
4.3. Commentary on the design equations

Over the years, starting as long ago as in the 19800s, a lot of
research has been done on glued-in rods. Often the aim has been
to provide the information required to prepare standards (design
approaches, code models) that would allow an increased, more
advanced and more reliable use of glued-in rods in timber struc-
tures [33]. A comparison of design equations derived for other
glued-in rod applications (e.g. structural timber and glulam) with
the experimental results of glued-in rods in CLT was performed
in [23]. The so far derived design equations for the prediction of
the pull-out capacity of single glued-in rods are in general similar,
where the basic influencing parameters concern the geometry of
the connection including typically the anchorage length and rod
diameter, sometimes also in combination with the slenderness
ratio (the ratio of the anchorage length to the drill-hole diameter).
Additionally, some equations include the volume of the adhesive,
which depends on the anchorage length and the glue line thick-
ness; the type of adhesive used (brittle or ductile); the density
and modulus of elasticity of the wood; the rod-to-grain orientation
(only parallel and perpendicular variants are considered); the bar
type (threaded rod, steel reinforcement bar, other materials, etc.),
and other factors.

The results of the parametric analyses presented here showed
that a design equation for glued-in rod connections in CLT must
include also other parameters, such as: the orientation of the rod
(Figs. 6–8) and the rod diameter size in relation to the size of the
CLT layer within which the rod is glued (Figs. 3 and 4). The influ-
ence of these parameters could be added to existing equations by
introducing additional coefficients. For example, it can be seen
from Figs. 6 and 7 that the capacity of the connection increases/
decreases by changing a from 0� to 90�. The same trend of results
could be included as a coefficient to differently weight the design
capacity calculated by means of the already established design
equations. Similarly, the influence of the size of the rod in relation
to the CLT layer thickness could be taken into account quantita-
tively by comparing the parameters C and Τ.

On the basis of the performed analyses it can be assumed that
the other parameters, which were not included in the study, could
have a strong effect on the pull-out capacity of a single rod: (i)
position of the rod in relation to the CLT layers, (ii) the CLT geom-
etry and its material characteristics, (iii) the edge gluing of the CLT
laminations, (iv) the edge distance of the rod and the outer CLT
layer etc. For example, the rod can be glued in the middle of a sin-
gle layer (as was assumed in this study), in between two neigh-
bouring layers, next to the border of the CLT layer or even close
to the CLT edge. Consequently, the rod can be glued into the CLT
at a position where it will interact with two layers with different
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grain orientations and, consequently, the pull-out response will be
influenced, as has been shown in this study (Figs. 6 and 7). The
influence of these effects needs to be further explored in order to
revise the design equations or propose new ones.
5. Summary and conclusions

The paper deals with numerical simulations and parametric
studies of glued-in rods in cross laminated timber (CLT). The con-
sidered FE-model was based on the assumption of linear elastic
behaviour of the timber laminations, the steel rod, and the adhe-
sive, whereas a strain softening cohesive surface approach was
used for the bond-lines between the timber laminations and for
the interface between the adhesive and the wood along the rod.
This modelling approach offers the possibility of studying different
failure modes for glued-in rods in CLT, as encountered in previous
tests [23]. The model input parameters were calibrated to experi-
mental results of specimens with rod orientations parallel and per-
pendicular to the grain and having different glued-in lengths. In
general, good agreement was obtained between the results for
the FE-analyses and the experimental tests presented in [23], both
with regard to load-bearing capacity and connection stiffness, for
all the considered geometries, as is presented in Fig. 2.

The numerical parametric studies concerning the influence of
the glued-in length and the rod diameter are presented in Sec-
tion 4.1 for rod orientations parallel or perpendicular to the grain,
using the calibrated model input parameters. Larger load-bearing
capacities were, in general, found for rod orientation perpendicular
to the grain, a finding which agrees well with the experimental
results [23]. The numerical results further show, as expected, that
the connection’s load-bearing capacity generally increases with the
glued-in length and the rod diameter. However, the increase in glo-
bal axial load-bearing capacity for each rod orientation and each
glued-in length occurs only up to a certain rod diameter, as can
be seen in Figs. 3 and 4. A further increase in the rod diameter,
above this value, has only a very small influence on the global axial
load-bearing capacity. This behaviour is also related to a shift in
failure modes, with the bond-lines between the timber laminations
being comparatively more stressed and the bond-line along the rod
being comparatively less stressed, at the increased rod dimension.
In the numerical simulations this is reflected by a larger degree of
damage within the bond-lines between the timber laminations for
larger rod diameters, at the moment of maximum load. A general
difference in failure modes was also found between the perpendic-
ular and parallel to grain models, where the perpendicular to grain
models fail to a significantly larger degree due to the highly
stressed bond-lines between the timber laminations. This result,
too, is in-line with the experimental observations reported in
[23]. It should however be noted that this result is valid for the
analysed examples with the rod in the central position of the CLT
cross-section and with a diameter smaller than the lamination
thickness. In cases when the rod would cross two or even more lay-
ers this trend of results could change significantly.

Numerical parametric studies concerning the influence of the
rod-to-grain angle a are presented in Section 4.2, considering
angles a = 0�, 15�, 30�, 45�, 60�, 75� and 90� and a geometrically
simplified FE-model. The numerical simulations indicate that the
maximum global axial load-bearing capacity and stiffness cannot
be expected either for a rod orientation parallel to the grain
(a = 0�) or perpendicular to the grain (a = 90�), but for an interme-
diate rod-to-grain angle of approximately a = 20�.

The mechanical behaviour of glued-in rod connections in CLT is
very complex, as is reflected by the many different failure modes
obtained in experimental tests [23] and further emphasized when
moving into advanced 3D numerical modelling. The mechanical
behaviour is influenced by numerous geometrical and material
property parameters and by several potential failure zones, which
makes numerical modelling a challenging task. The high potential
of using glued-in rod connections for CLT structures in terms of, for
example, mechanical properties, costs, and aesthetics is however
believed to be significant. This motivates further research efforts
in this field. As regards the numerical models used within the work
presented here, possible improvements include consideration of
nonlinear material behaviour also for the timber laminations and
the steel rods, as well as further development of the cohesive sur-
face approach used to describe the bond-lines between the CLT
laminations and the interface between the adhesive and the lami-
nations along the rod.
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