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Moment resisting splice of timber beams using long threaded rods and
grout-filled couplers – Experimental results and predictive models
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h i g h l i g h t s

� A novel rotationally stiff on-site splice timber joint is presented.
� Long threaded rods are used as main fasteners in moment resisting joint.
� Predictive models for the rotational stiffness and the strength are proposed.
� Experimental and numerical methods were used.
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a b s t r a c t

In order to achieve larger spans of timber arch bridges, glulam massive timber sections must be spliced
on-site by moment resisting and rotationally stiff joints. In this paper, a novel timber splice connection
utilizing long threaded rods and grout-filled couplers is presented. Flexural characteristics of the splice
joint were investigated by full-scale experimental tests and 3D finite element models. An analytical
model is proposed for determining the moment capacity and the rotational stiffness of the splice connec-
tion. The experimentally measured efficiency of the splice connection with regard to moment capacity
and rotational stiffness was 69% and 66%, respectively.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The development of glued laminated timber (glulam) allows for
production of timber elements with nearly unlimited cross-
sectional dimensions. However, production and transportation
impose limitations on the length of timber elements. The maxi-
mum length of glulam elements is in a range of 30–40 m for
straight elements, and approximately 20–30 m for curved ele-
ments in dependence on the radius of curvature and means of
impregnation [1,2]. In order to obtain larger spans, it is necessary
to splice the timber elements on site. Feasibility studies of glulam
arches with network hanger configuration have shown that it is
possible to achieve timber bridges with spans in a range of 100–
120 m [3,4]. In order to maintain stability and reduce buckling
problems of the timber arches, it is crucial to incorporate flexural
rigidity in splice connections.

The pros and cons of different splice connection techniques in
timber engineering are discussed in [5]. Recent research on self-
tapping screws and long threaded rods has demonstrated the capa-
bility of these axially loaded fasteners to achieve effective connec-
tions by utilizing their high axial withdrawal capacity and stiffness.
Currently, self-tapping screws and long threaded rods are mostly
used as reinforcement of timber beams [6] or as connectors in a
shear or axially loaded lap connections [7]. However, the perfor-
mance of long threaded rods in moment resisting connections
remains to be revealed. The present investigation deals with the
application of long threaded rods as the main fasteners in timber
splice connections subjected to bending moments. Grout-filled
steel couplers (similar to systems used for reinforced pre-cast con-
crete) are used to connect the long threaded rods inserted in the
two parts of the timber beam. The main objective of the investiga-
tion is to determine the flexural characteristics of the splice
connection. Prototype splice connections were produced and
investigated by full-scale experimental tests. Complementary
experimental investigations were carried out to 1) identify

http://dx.doi.org/10.1016/j.conbuildmat.2017.08.089
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withdrawal properties of the grouted rod splice, and 2) to establish
the contact stiffness of two mutually compressed mating timber
end faces. The numerical simulations performed by finite element
models enabled a deeper insight into the mechanical behaviour of
the tested connections. Based on the findings from both the exper-
imental and the numerical investigations, analytical relations are
proposed for determining the rotational stiffness and the moment
capacity intended for practical design.

2. Problem definition

The present splice connection is intended for large glulam sec-
tions with special focus on timber network arch bridges. The dom-
inating internal force in such structures is compression transferred
by the contact of timber end faces. Shear force can be transferred via
shear keys. The design philosophy is based on utilizing high with-
drawal stiffness and virtually non-existing initial slip of threaded
rods to achieve rotationally stiff joints that can transfer the moder-
ate bending moments. By providing sufficient effective length, the
failure mode is driven by yielding of the steel rods. This enables a
more reliable prediction of the structural properties and increased
ductility of the joint. Since both the threaded rods and the steel cou-
plers are embedded in the timber, the connection is durable, fire
resistant and aesthetic. Both the threaded rods and the couplers
can be pre-assembled prior to transport of the timber sections; this
eases the mounting process on site. It should be noted, however,
that the final setting time is affected by the curing of the glue,
and the gluing operation on site implies quality control issues.

The main concern regarding implementation of splice joints in
glulam arches is the required rotational stiffness of the joints.
The flexural characteristics of this splice connection were studied
using prototype splices of timber beams. The principal layout of
the prototype beam splice connection is presented in Fig. 1.

3. Experimental tests

3.1. Tensile test of the rod splice

Tensile testing of the rod splice was carried out in order to ver-
ify sufficient strength and to determine the withdrawal stiffness of
the system of rods and grout-filled couplers. In total, 6 tensile tests

were conducted. In 3 of these tests, the relative displacements of
the rods were monitored by two displacement transducers (confer
Fig. 2). The mean value of these two measurements from each test
was used to determine the deformation characteristics. Load was
applied according to the loading procedure given in EN
26891:1991 [8].

3.2. Experimental determination of the stiffness at the interface of two
mutually compressed mating timber end faces

The contact stiffness at the interface of two mutually com-
pressed mating timber end faces was determined experimentally.

Fig. 1. Principal layout of splice connection with long threaded rods and grout-filled couplers.

Fig. 2. Test set-up of tensile test of the rod splice (dimensions given in mm).
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The test configuration is shown in Fig. 3. Two timber specimens
were placed on top of each other, with direct contact of end fibers,
and compressed parallel to the grain. Displacements were moni-
tored by 8 displacement transducers. Two transducers were
attached to each specimen (U and L) at two opposite faces. Four
other transducers were placed at each face at the interface
between the specimens. In total, 12 tests were carried out. The
specimens had rectangular cross-sections of 130 � 130 mm2 and
the length along the grain was 300 mm. The timber specimens
were sawn from glulam beams of quality GL30c [9]. The test proce-

dure followed EN 408 [10]. More details regarding the experimen-
tal test can be found in [11].

3.3. Beam splice test

The beam splice was tested in a four-point bending configura-
tion leading to pure bending in the splice connection. The experi-
mental set-up is shown in Fig. 4. The deformation characteristics
were obtained by the digital image correlation (DIC) system ARA-
MIS [12] and subsequent linear regression of the measured hori-
zontal displacement field for each time step. The measurements
by DIC were validated by use of additionally applied transducers.
In total, two rotational transducers (denoted T1 and T2 in Fig. 4)
and three displacement transducers (denoted T3, T4 and T5) were
placed across the end faces of the splice joint. The load was applied
according to the loading procedure given in EN 26891:1991 [8].

Four test configurations were tested, see summary in Table 1
and illustrations in Fig. 5. The timber end faces of the spliced parts
of the beam were placed in direct mutual contact in the configura-
tions denoted by ‘‘C” (‘‘C” for Contact). In the ‘‘G” configurations
(‘‘G” for Gap), the two timber parts were assembled with a
10 mm gap between the timber end faces.

The timber beams were made of glulam strength class GL30c [9]
and had 140 mm width and 270 mm depth. The beams were fabri-
cated with 45 mm thick lamellas of Norwegian spruce. The timber
specimens were conditioned at the standard environment of 20 �C
and 65% relative humidity.

The threaded rods were of type SFS WB-T-20 complying with
DIN 7998 [13]. The outer diameter of the rods is 20 mm, the inner
diameter is 15 mm. The strength class is 8.8 according to the man-
ufacturer. The total length of the rods was 700 mm, but the initial
100 mm was glued in the rod coupler giving an effective length of
the rods equal to lef = 600 mm (the rod length screwed in timber).

The steel couplers (Fig. 5 and Fig. 2) were purpose made, and
manufactured from steel S355. The couplers were 200 mm long
with an outer diameter of 35 mm. The inner surface of the couplers
was machined with metric threads M24 giving a minimum inner
diameter of approximately 22 mm. Grouting, by two-component
epoxy adhesive Mapei Mapepoxy L, was carried out through
inserted pair of metal injection tubes, see Fig. 5 (right).

Fig. 3. Test configuration for determining the stiffness at the interface of two
mutually compressed mating timber end faces.

Fig. 4. Experimental set-up of beam splice test (dimensions given in mm).

Table 1
Summary of the tested beam splice configurations.

Config. No. of tests No. of rods Timber faces

Tension Compression

C1 3 1 0 Contact
C2 3 2 0 Contact
G1 3 1 1 Gap 10 mm
G2 2 2 2 Gap 10 mm
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4. Experimental results

4.1. Tensile test of the rod splice

All tensile tests exhibited tensile failures of the threaded rods,
proving that the rod splice was stronger than the rods. Fig. 6 shows
the force-displacement curves of the tensile tests, carried out by
the arrangement of Fig. 2. The connection showed no initial slip.
The mean determined axial stiffness of the rod splice, Kco, was
299 kN/mm (COV = 0.045). The stiffness was obtained by subtract-
ing the deformation of the free lengths of the rods within the mea-
sured range outside the coupler (length 2lr depicted in Fig. 2) from
the total deformation measured in the experiments (over length lt
depicted in Fig. 2). Compared to the stiffness of just threaded rods
of equal length, the rod splice is approximately 1.5 times stiffer. All
couplers were cut open after the tests in order to visually verify the
gluing efficiency. It was observed that glue filled the entire section
of couplers with very low occurrence of air bubbles.

4.2. Experimental determination of the stiffness at the interface of two
mutually compressed mating timber end faces

The stiffness at the interface of two mutually compressed mat-
ing timber end faces is affected by end grain effects. More details
can be found in [11]. These end grain effects are described analyt-

ically by introducing a crushing zone in the vicinity of the timber
end faces characterized by a crushing modulus, Ecr, and a crushing
length, lcr, schematically shown in Fig. 7.

The crushing length lcr is assumed to be of equal size on both
sides of the contact interface of the timber parts. With reference
to Fig. 7, this length is:

lcr ¼ 1
2
� ðlM � lU � lLÞ ð1Þ

where lM is the range over which the displacements DM were mon-
itored and lU and lL are the lengths of the upper and the lower spec-
imen within lM, but outside the crushing zone. Displacements
monitored by displacement transducers at the interface DM involve
4 contributions (after deduction of initial slip): displacements due
to deformation of the upper part, DU, and of the lower part, DL,
and two displacements due to contact at end grains Dcr. This can
be expressed as:

DM ¼ DU þ DL þ 2 � Dcr ð2Þ
By assuming material and dimensional homogeneity along the

entire length of the test specimens and applying a relation for
axially loaded strut, D ¼ F � l=ðE � AÞ, Eq. (2) can be written as:

Dcr ¼ 1
2
� DM � F � lU

EU � A� F � lL
EL � A

� �
ð3Þ

Fig. 5. Test configurations of beam splice and example of production of G1 specimen (dimensions given in mm).
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where F is the applied force corresponding to the displacementsDM,
EU and EL represent the modulus of elasticity of the upper and the
lower specimen, respectively, and A is the cross-sectional area of
the timber specimens.

The stiffness of the crushing zone is finally expressed by the
crushing modulus Ecr and the crushing length lcr as:

Ecr

lcr
¼ F

A � Dcr
ð4Þ

The mean values of the experimental results (COV = 0.225) are
presented in Fig. 8 for an extent of the crushing length up to
3 mm, which is considered to be the upper limit, based on observa-
tions during testing. The experimental results show that the crush-
ing stiffness is much lower than the material stiffness. However,
the extent of the crushing zone is very limited, of the order of
1 mm, as observed visually and identified from the measurements
by displacement transducers. The deformation of the crushing
zone during and after testing is illustrated in Fig. 9.

By comparing the stiffness of the crushing zone Ecr=lcr given in
Fig. 8, it can be noticed that the stiffness is not significantly affected
by the extent of the crushing zone. For practical use, it is thus sug-
gested to use lcr = 3 mm with the corresponding Ecr = 914 MPa,
yielding the stiffness of the crushing zone Ecr=lcr ffi 300N=mm3.

4.3. Beam splice test

Experimental results of bending tests of the splice connections
are given in terms of moment vs. rotation in the joint, see the plots
in Fig. 10. The ultimate moment Mu, the elastic rotational stiffness
kh and the distance of neutral axis from the upper timber edge a0
(illustrated in Fig. 14) are presented in Table 2. The splice efficiency
with respect to moment capacity, gM, is the ratio between the mea-
sured ultimate moment and the mean bending capacity of the
unspliced timber cross-section. The efficiency with respect to rota-
tional stiffness, gk, relates the mid-span deflection of an unspliced
beam to that of a beam containing a splice connection (the respec-
tive deflections were obtained analytically by the principle of
virtual work).
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Fig. 8. Experimentally determined stiffness at the interface of two mating timber
end faces.

Fig. 9. Deformation of the crushing zone during testing (left), and deformation pattern at the end faces after testing (right).
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All specimens failed due to withdrawal of the tension rods, see
the detail at the rod-end in Fig. 11b. The C2 configuration was char-
acterized by brittle failure occurring shortly after the ultimate
capacity had been reached (see Fig. 10). This may indicate a risk
of progressive failure of the group of rods caused by low ductility
of withdrawal failure of rods parallel to the grain [14]. A crack par-
allel to the grain and close to the neutral axis occurred for two C2
specimens, see Fig. 11a. This crack is most likely induced by tensile
stresses perpendicular to the grain caused by a change of slope at
the rotated end faces.

The curves plotted in Fig. 10 are limited either by a rotation of
0.03 rad or by specimen failure. The relative rotations h were
obtained by linear regression of horizontal displacements, moni-
tored by DIC along the entire length of the vertical sections (i.e.
considering both deformations above and under the neutral axis)
placed in the vicinity of the timber end faces. The values obtained
by linear regression of DIC results were in good agreement with the
rotations measured by the rotational transducers. Common for all
tests: no initial slip was observed, facilitating an immediate load
take-up in the joint. This is an important prerequisite for the
moment resisting connections, especially in statically indetermi-
nate structures, for which an additional deformation in the joint
causes a redistribution of internal forces within the structure [15].

The relative moment capacities and rotational stiffnesses for
configurations with two rods as compared to one rod show no

obvious signs of a group effect in case of two rods (which suggests
nef = n with reference to EC5 [16] 8.7.2).

Some additional parameters obtained from the analysis of the
bending test results in conjunction with the proposed analytical
model, are summarized in Table 3.

It is interesting to notice that the withdrawal stiffness Kw

obtained here, is considerably larger than the value obtained by
withdrawal tests reported by Stamatopoulos et al. [14]. The latter
was obtained from pure axial withdrawal of threaded rods in
pull-push test configuration.

The crushing modulus Ecr, obtained from the bending tests, is
much smaller than the value obtained from the separate tests, as
described in Section 4.2. While the tests of end grain effects yield
a uniform stress distribution in the compressed area, the bending
tests produce a varying stress distribution in the compression zone.
Another factor is uncertainty in the fabrication process of the splice
connections. The joints were not pre-compressed during hardening
of the glue in the rod couplers, and the planeness of the end surfaces
was in general lower for the specimens of the bending tests. Conse-
quently, the end faces may have had non-uniform contact.

5. Numerical model of beam splice tests

Numerical simulations of the beam splice were carried out by
ABAQUS [17]. Each geometrical configuration tested in the

Table 2
Experimental results of bending tests of splice connection.

Config. Mean No. of tests Mu kh a0

[kNm] COV gM(a) [kNm/rad] COV gk(b) [mm] COV

G1 3 19.1 0.05 27% 1826 0.08 48% 105 0.16
G2 2 43.6 0.02 62% 4016 0.02 67% 100 0.06
C1 3 25.6 0.14 36% 2093 0.08 52% 112 0.05
C2 3 48.1 0.04 69% 3749 0.07 66% 143 0.12

Input: GL30c.
(a) fm,m = 41.4 MPa.
(b) E = 13000 MPa, G = 650 MPa.

Fig. 11. Detail of a C2 specimen during testing (a), Cut-opened specimens after testing: Withdrawal failure of a tension rod (b), a compression coupler with the cavity in
timber filled with glue (c).

Table 3
Ultimate tensile force in rod Ftu, withdrawal stiffness of rod Kw, and crushing modulus Ecr obtained by analysis of beam splice test results.

All conf. Ftu Kw Ecr
(a)

[kN] COV [kN/mm] COV [MPa] COV

Mean 128 0.11 264 0.10 114 0.24

(a) For C-configuration and assuming lcr = 3 mm.
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experiments was modelled by eight-node brick elements with
reduced integration and hour-glass control (C3D8R). Given the
symmetry of the problem, only half the beam was modelled, see
Fig. 12. Transverse displacements of the beam were prevented.
Loading was applied by normal pressure at the top of the beam,
corresponding to 4-point bending as shown in Fig. 4.

The contact stiffness between the end timber faces at the splice
joint was modelled by implementing the ‘‘crushing zone” in the
vicinity of the joint. The experimental values from the bending
tests were used as an input to the numerical model (lcr = 3 mm
and Ecr = 114 MPa, see Table 3 and further discussion in
Section 7.2).

The rods and their interaction with the timber were based on a
numerical model presented in [14]. Contact properties between
rod and timber utilize a ‘‘hard” contact behaviour in the normal
direction and isotropic tangential behaviour with a coefficient of
friction of 0.2. The rod couplers were not included in the numerical
model. The axial stiffness of the rod splice in the coupler was
accounted for by converting the experimentally obtained stiffness
(Kco = 299 kN/mm, see Section 4.1) into an equivalent modulus of
elasticity (338 GPa), applied to the initial 100 mm portion of the
rod core (see Fig. 12b).

Material properties of wood were assumed to be transversely
isotropic, see Table 4. Here, E is modulus of elasticity, G is shear
modulus and m is Poisson’s ratio. The longitudinal direction (L) is
the grain direction, and no distinction is made between tangential
(T) and radial (R) directions. Steel was modelled as isotropic with
E = 210 GPa and m = 0.3.

6. Analytical model

Tests of timber splice connections using glued-in hardwood
dowels [19] and glued-in rods [20,21] demonstrated the impor-
tance of incorporating the slip of connectors when predicting the
height of the compression zone and the rotational stiffness. More-
over, it was observed in [20] that the stiffness of timber in com-
pression is affected by deformation at end grains of the timber

end faces. The present analytical model accounts for both slip of
connectors and for deformation at end grains.

6.1. Prediction of rotational stiffness

Fig. 13 shows the deformed state of a portion of a beam of
length 2lc subjected to a bending momentM. The bending moment
produces a relative rotation h at the end sections of the beam por-
tion. By assuming small deformations and rotations, and Navier’s
hypothesis of plane sections remaining plane during deformation,
the following relations of the Euler-Bernoulli beam theory apply:

/ � tan/ ¼ � dw
dx

j ¼ d/
dx ¼ � d2w

dx2

ex ¼ z � d/dx ¼ z � j
ð5Þ

The slope / is also the rotation of the beam section (Navier), j is
the curvature of the deformed beam and ex is the longitudinal
strain. Using (5), the relative rotation of the end sections of the
beam portion is found to be:

h ¼
Z lc

�lc

d/
dx

dx ¼ 2 � j � lc ð6Þ

Fig. 12. Finite element model for C1 configuration (a) and detail of threaded rod with female part of surrounding timber (b).

Table 4
Material properties of wood used in numerical simulations.

EL
[MPa](a)

ER = ET
[MPa](a)

GLR = GLT

[MPa](b)
GRT

[MPa](b)
mLR = mLT
[–](b)

mTR
[–](b)

13000 400 600 30 0.6 0.315

(a) Manufacturer: Moelven industrier ASA, class L40 (GL30c).
(b) Norwegian spruce [18].

Fig. 13. Beam portion subjected to a bending moment.
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Solving Eq. (6) with respect to j and inserting the result into the
expression for ex in (5), Hooke’s law gives:

rx ¼ E � ex ¼ E � z � h
2 � lc ð7Þ

where rx is normal axial stress and E is modulus of elasticity paral-
lel to the grain.

The analytical model is based on Eq. (6). Fig. 14 shows a
deformed splice connection with a relative rotation h of the end
faces caused by the bending moment M. Here, h and b are height
and width of cross-section respectively, a0 is the height of wood
in compression, ai is a coordinate along z-axis of i-th row of the
rods determined from the upper edge of wood in compression, lc
represents equivalent length of compression zone at each side of
the connection, rx is normal stress in wood, Ksi is axial stiffness
of the i-th row of the rods, ui is horizontal displacement at the i-
th row of the rods and zi ¼ ai � a0 is the z-coordinate of the the
i-th row of steel rods.

The relative rotation of the end faces of the splice connection is
approximated by a relative rotation of the end sections of a beam
portion of length 2lc. The flexural stiffness is thus governed by
the deformation of the wooden part in compression and the elon-
gation of a spring representing the axial stiffness of the steel rods.

The axial force in the i-th row of steel rods is found by:

Fi ¼ Ksi � ui ¼ Ksi � h � zi ð8Þ
The horizontal force equilibrium reads:

Xn
i¼1

Fi �
Z �a0

0

Z b
2

�b
2

rxdydz ¼ 0 ð9Þ

Using Eqs. (7) and (8), Eq. (9) takes the following form:

Xn
i¼1

Ksi � ðai � a0Þ � E � b � a2
0

4 � lc ¼ 0 ð10Þ

Finally, the height of wood in compression is obtained by solv-
ing Eq. (10) for a0. The equation yields two roots, only one of which
is physically possible:

a0 ¼
�
Xn
i¼1

Ksi þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

Ksi

 !2

þ E�b
lc
�
Xn
i¼1

Ksi � ai

vuut
E�b
2�lc

ð11Þ

The moment at the connection about the y-axis is:

M ¼
Xn
i¼1

Fi � zi �
Z �a0

0

Z b
2

�b
2

rx � zdydz ð12Þ

Using Eqs. (7) and (8), Eq. (12) takes the following form:

M ¼ h �
Xn
i¼1

Ksi � z2i þ
E � b � a30
6 � lc

 !
ð13Þ

The rotational stiffness of the connection kh is then obtained as:

kh ¼ M
h
¼
Xn
i¼1

Ksi � z2i þ
E � b � a30
6 � lc ð14Þ

The axial stiffness of the i-th row of steel rods, Ksi, is given by Eq.
(15) and it is obtained as an effective stiffness of a system of three
springs representing the axial withdrawal stiffnesses of the
threaded rods at each side of the connection, denoted as Kw, and
the axial stiffness of the joint of threaded rods in the rod coupler,
denoted as Kco. The number of steel rods in one row is denoted
as nr.

Ksi ¼ nr � Kw � Kco

2 � Kco þ Kw
ð15Þ

The equivalent length of compression zone, lc, consists of two
contributions as shown in Fig. 15, and is given by the following
equation:

lc ¼ l0 þ lcr � E
Ecr

ð16Þ

where l0 is the effective length of the compression zone, and Ecr and
lcr are the crushing modulus and the crushing length, respectively.

The effective length of the compression zone, l0, characterizes
the compliance of the wood in compression. This length approxi-
mately defines a local area, in close proximity to the splice joint,
for which the Navier’s hypothesis is violated and where the stress
state is a combination of compression stresses parallel to the grain,
tensile stresses perpendicular to the grain and shear stresses.

It is proposed to estimate l0 as a simple function of the height of
the timber cross-section h:

l0 ¼ 0:85 � h ð17Þ
This relation was obtained based on investigations using

numerical models. Given validity of the form of Hooke’s law and
Navier’s hypothesis adopted for the model, the length l0 within
the compression zone reads l0 ¼ E � u=rx. The extent of the

Fig. 14. Analytical model characteristics.

Fig. 15. Graphical representation of the equivalent length of the compression zone.
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horizontal displacements u is a function of the height of the cross-
section h, elastic moduli parallel (E0) and perpendicular (E90) to the
grain, and shear modulus G. A parametric numerical study showed
that l0 is constant for constant relations between E0, E90, and G,
which is the case for structural timber (G = E0/16, E90 = E0/30 in
[22]) and which can also be assumed to be valid for glulam. The
suggested length l0 in Eq. (17) is thus independent of the timber
strength class.

The deformation at the end grains of two mutually compressed
mating timber end faces is described by the second contribution in
Eq. (16). It is derived by introducing a crushing zone characterized
by a crushing modulus, Ecr, and a crushing length, lcr. The parame-
ters of the crushing zone were obtained experimentally. A compar-
ison of the horizontal displacements at the splice joint, obtained by
numerical models, with and without a crushing zone, is demon-
strated in Fig. 16 (left). An example of the horizontal displacements
over the beam height at the splice joint, obtained by DIC during
one of the bending tests, is shown to the right in Fig. 16. Fig. 16
demonstrates good agreement between the numerical model with
the crushing zone (blue line) and measurement by DIC.

The determination of the position of the neutral axis and the
rotational stiffness in the configuration with no contact of timber
end faces is carried out by use of Eqs. (10) and (14), respectively,
with omitting the terms associated with the compression stresses
in the timber.

6.2. Prediction of moment capacity

For one single row of threaded rods in the tension side, or one in
the tension and one in the compression side, the moment capacity
is obtained from simple moment equilibrium of compression and
tension force acting at the joint:

Mu ¼ minðFtu; FcuÞ � zc ð18Þ
where Ftu and Fcu are the ultimate strengths of components in ten-
sion and compression obtained by Eq. (19), and zc is the lever arm of
the internal forces. With reference to Fig. 14, zc is determined by
assuming that Fcu acts at a0=3.

Ftu ¼ nr �minðRaxu;RuÞ
Fcu ¼ 1

2 � b � a0 � f c;0
ð19Þ

Here, fc,0 is the timber strength in compression parallel to the
grain, Ru is the tensile strength of the rods (provided by the man-
ufacturer) and Raxu is the ultimate withdrawal strength of threaded
rods.

6.3. Ultimate withdrawal strength of threaded rods

The withdrawal strength of threaded rods Rax was determined
by Stamatopoulos et al. [23]. However, in this particular connec-
tion, the rods are loaded by a combination of axial withdrawal
force and local bending moment induced by the rotational restraint
at the point where the rod enters the coupler. Hence, the ultimate
withdrawal strength of the rods, Raxu, is less than that of rods in
pure tension, Rax. Since the withdrawal strength of threaded rods
is (approximately) a linear function of the effective length [23],
the ultimate withdrawal strength is determined on the basis of a
reduced effective length of the threaded rods:

Raxu ¼ Rax � lef � lx
lef

� �
ð20Þ

The effective length of the threaded rods (length of the rod
screwed in timber) is denoted lef, whereas lx is a free length of
rod that is not considered to contribute to the withdrawal capacity.
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Fig. 16. Horizontal displacements along vertical sections at beam joint: Left: Output from numerical models with and without crushing zone (CZ), Right: Example of results
obtained by DIC during one of the bending tests.

Fig. 17. Simplified illustration (rod couplers are not included) of an imposed local bending moment at the end of the rod (a), analogy with semi-infinite beam on elastic
foundation (b).
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This free length is estimated as follows. In the same way as the
models developed for connections with fully threaded self-
tapping screws [24], the threaded rod is considered as a semi-
infinite beam on elastic foundation loaded by a bending moment
M0, see Fig. 17.

The differential equation for the deflection curve of a beam sup-
ported on an elastic foundation is:

EI
d4y

dx4
¼ �k � y ð21Þ

where k is the foundation stiffness (N/mm2) and EI represents the
flexural stiffness of the beam. By introducing the characteristic
length k and solving the differential equation with boundary condi-
tions corresponding to the arrangement shown in Fig. 17b, the
deflection curve becomes [25]:

y ¼ 2M0 � k2
k

e�k�xðcosðk � xÞ � sinðk � xÞÞ; k ¼
ffiffiffiffiffiffiffi
k
4EI

4

r
ð22Þ

The length lx is found by solving Eq. (22) with respect to x for
y = 0, and considering the second period, see Fig. 17b:

lx ¼ 5p
4k

¼ 5
8
p � dc �

ffiffiffiffiffiffiffiffiffiffiffi
p � Es

kt
4

s
ð23Þ

where dc is the core diameter of the threaded rods, Es is the elastic
modulus of steel and kt is the foundation modulus of timber trans-
verse to the grain.

7. Model evaluation compared to experimental results

Table 6 presents an overview of experimentally, analytically
and numerically obtained parameters. The input parameters to
the analytical model are summarized in Table 5. For the nomencla-
ture of the input parameters, see Section 6.

7.1. Analytical model comparison to experimental results

The analytical model gives, in general, good estimates of both
the rotational stiffness and the moment capacity, see Table 6.
The predicted rotational stiffness for the C configurations is conser-
vative due to the assumed planeness of end timber sections
(Navier). However, the Navier’s hypothesis is, in fact, violated in
close proximity to the end timber faces, as shown in Fig. 16. In
the experiments, the reduced horizontal displacements within

the compression zone result in a lower monitored rotation and
thus a higher rotational stiffness.

The prediction of moment capacity for the C configurations,
with the neutral axis determined by the assumed elastic behaviour
by Eq. (11), is somewhat conservative. Conferring Table 6, the pre-
dicted capacities are approximately 15% lower, compared to exper-
imental results. As the tensile forces in the rods approach the
ultimate withdrawal strength, the withdrawal stiffness of the rods
gradually decreases [14,23]. The neutral axis thus gradually moves
towards the upper edge of the timber cross-section and the lever
arm of the internal forces increases. However, the increasing rota-
tion in the joint gives rise to shear stresses and tensile stresses per-
pendicular to the grain in the compression zone, due to change of
slope at the rotated end faces, as shown in Fig. 16. It was observed
in the experiments that the possible ‘‘plastification” of the com-
pression zone is accompanied by occurrence of cracks along the
grain near the neutral axis, see Fig. 11a. If no measures are taken
to reinforce the timber perpendicular to the grain, it is most appro-
priate to predict the moment capacity based on the elastic beha-
viour assumption.

The crushing modulus Ecr based on the experimental results
obtained from the bending tests was used as an input parameter
to the analytical model. The use of crushing modulus obtained
from the uniaxial tests of end grain effects provided overly stiff
predictions, compared to the results from the bending tests.

From the cut-outs of the specimens after tests, it was observed
that voids in the timber around the steel couplers were well filled
with glue (see Fig. 11c), which allowed a force transfer between the
couplers and the timber at the compression side. Consequently, the
axial stiffness Ksi at the compression side, monitored in experi-
ments, was 2.2 times higher than the stiffness at the tension side.
This was taken into account in the neutral axis prediction by the
analytical model. The ‘‘pushing-in” stiffness of long threaded rods
was studied using numerical models. This stiffness was found to
be 1.1 times higher than the withdrawal stiffness, Kw, of the rods.

7.2. Numerical model comparison to experimental results

The numerical model predicts the rotational stiffness for the C
configurations with good accuracy, while the rotational stiffness
for the G configurations is underestimated by approximately 25%,
confer Table 6. The distance of the neutral axis from the upper tim-
ber edge a0, obtained by the numerical models for the G configura-
tions, is somewhat larger than obtained experimentally. These
discrepancies are caused by the fact that the numerical model does

Table 6
Result comparison for ultimate moment Mu, rotational stiffness kh, and distance of neutral axis from the upper timber edge a0.

Config. Mean Mu [kNm] kh [kNm/rad] a0 [mm]

Exp. Anal. Exp. Anal. Num. Exp. Anal. Num.

G1 19.1 20.2 1826 1818 1294 105 103 132
G2 43.6 40.3 4016 3636 2762 100 103 132
C1 25.6 21.7 2093 1787 2126 112 113 108
C2 48.1 41.4 3749 2577 3458 139 136 137

Table 5
Input parameters to the analytical model.

Kw

[kN/mm]
Kco

[kN/mm]
E

[MPa]
Ecr

[MPa]
lcr

[mm]
Rax

[kN]
kt

[MPa]

264 299 13000 114 3 161 710
Table 3 Sect. .4.1 Table 2 Table 3 Table 3 [23](a) [26,27](b)

(a) Mean value from experimental investigation.
(b) Average of experimental results for spruce and steel dowels of diameter 16 mm (763 MPa [26] and 658 MPa [27]).
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not account for the contact forces between the rod couplers and
the timber. A possible future improvement of the model can be
facilitated by physically modelling the steel couplers and defining
contact surfaces between the rods and the couplers, and between
the couplers and the timber.

The mean withdrawal stiffness obtained by the numerical anal-
yses was 258 kN/mm, which is in good agreement with the exper-
imentally obtained value.

Similar to the analytical model, Ecr obtained from the bending
tests was used as an input to the numerical models. The use of
the crushing modulus obtained from the uniaxial tests of end grain
effects yielded an excessively stiff model, compared to the results
from the bending tests.

8. Concluding remarks

The investigation revealed that high moment capacity and rota-
tional stiffness of timber splice connection can be achieved by
application of long threaded rods. The tested connection showed
no initial slip, which is an important pre-requisite for an applica-
tion in moment-resisting connections. A rather brittle failure,
caused by withdrawal of the threaded rods, was encountered for
all experimental tests of the splice connection. The ductility was,
however, much higher than for unspliced timber beams. Both duc-
tility and capacity of the connection can be enhanced by yielding in
rods, achieved by use of larger effective length of the rods.

Capacity and withdrawal stiffness of the rod splice, by grout-
filled couplers, were sufficient and reliable. None of the experimen-
tal tests failed at the joint of the rods. The grouting process was
straightforward and easy to implement.

The finite element model simulates effectively flexural beha-
viour of the joint. Application of a crushing zone at the joint allows
for modelling of end grain effects of two mutually compressed tim-
ber end faces.

The proposed analytical models yield slightly conservative esti-
mates of both the rotational stiffness and the moment capacity of
the splice connection. Input parameters to these models are pro-
posed based on the numerical analyses and the experimental tests.

The orientation of the threaded rods in the grain direction
enables direct force transfer in the axial direction. It also utilizes
the high withdrawal stiffness of rods parallel to the grain. On the
other hand, since withdrawal of the rods is characterized by brit-
tleness, it can lead to progressive failure of a group of rods. Further-
more, the development of shrinkage cracks (in the grain direction)
in close proximity to the threaded rods can lead to loss of capacity.
These shortcomings can be overcome by using long threaded rods
with a small inclination to the grain. Further investigations are,
however, necessary to examine for instance the effect of an implied
lateral force component at the end of the rods.
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Figure 1: (a) truss node joint at upper chord of Flisa Bridge in 
Norway, (b) splice connection with intermediate steel plate in 
Gudvangen bridge in Norway, (c) truss node joint at upper 
chord of Skubbersenga Bridge in Norway 
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Table 1: Results of density at MC (approx. 11%) W
measurement on glulam specimens and sawn pieces 

Table 2: Results of moisture content measurement on glulam 
specimens and sawn pieces 



Figure 2: Test set-up: (a) detail of T-T configuration, (b) detail 
of T-S-T configuration, (c) overall view of loading device  

Figure 3: Location of displacement transducers 



Figure 4: Example of end fibers crushing: (a) deformation of 
face 3 and 4 during test, (b) deformation pattern at end faces 
after test (view from face 3) 

Figure 5: Deformation pattern at timber end faces: (a) photo 
of pre-test specimens after test, (b) schematic illustration   

Table 3: Summarized test results of capacity in compression 
parallel to the grain  



p5

Figure 6: Results of capacity in compression parallel to the 
grain for all tests 

Figure 7: Example of force-displacement curves monitored in 
one test of T-T configuration  

Figure 8: Example of force-displacement curves monitored in 
one test of T-S-T configuration  



Figure 9: Force-displacement curves for all tests as mean 
values of displacements at the interface (M)  

Table 4: Summarized results of evaluation of initial slip  

Figure 10: Schematic visualization of problem simplification 
for evaluation of elastic contact stiffness at interface 
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Table 5: Summarized results of evaluation of stiffness at 
interface by surface contact stiffness kC

Table 6: Summarized results of evaluation of stiffness at 
interface by efficiency factor 

Figure 11: Results of efficiency factor  for all tests 
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Table 7: Summarized results of evaluation of ductility factor 

Figure 12: Force-displacement curves for permanent 
displacements at the interface for all tests  
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Figure 13: Scatter diagrams for density ( ), capacity 
( max) and elastic stiffness obtained from displacements 
of the load actuator (ktot)
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Fig. 1: Layout of splice connection with long threaded rods and grout-filled couplers. 
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Fig. 3: Splice joint using long threaded rods inserted with an inclination to the grain. 



Fig. 4: 3D FEM model of the analysed bridge. 
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Fig. 5: 2D FEM models for analysis of in-plane (upper figure) and out-of-plane (lower figure) 
stability the splice joints are differentiated with colours. 
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Fig. 7: Results from numerical models containing splice joints Table 1. 
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A.  Analytical description of splice 

efficiency 

The analytical description of the splice efficiency adopted in Paper i [95] and Paper 

iii [79] is specified and discussed in the following. 

The splice efficiency with respect to the moment capacity, ηM, is the ratio between 

the measured ultimate moment capacity Mu and the mean moment capacity of the 

un-spliced timber cross section, i.e. 

 
,

u
M

m m

M

W f
η =

⋅
  (A.1) 

where W is the sectional modulus and fm,m is the mean bending strength. 

The efficiency with respect to the rotational stiffness, ηk, cannot be defined directly 

since the relative rotation of two infinitesimally distant vertical sections in a 

continuous (un-spliced) beam is zero (Navier). Therefore, it was decided to describe 

the rotational stiffness efficiency of the joint by relating the mid-span deflection of 

an un-spliced beam to that of a beam containing a splice connection, see Eq. (A.2). 

 
2 2

(3 4 )
, ,

48 2 8

A B
k

A B C

s s s s
A B C

w w

w w w

P l L l P l P l L
w w w

E I G A kθ

η

κ

+=
+ +

⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅ ⋅= = =
⋅ ⋅ ⋅ ⋅ ⋅

  (A.2) 

Here, E is the modulus of elasticity, G is the shear modulus, A is the beam cross-

sectional area, I is the beam moment of inertia, κ is a shape coefficient for shear 

deformation and kθ is the rotational stiffness of the splice joint. The deflection 

contributions wA, wB and wC, corresponding to a four-point bending test 

arrangement (as shown in Figure A.1) are obtained from [41]. 
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Figure A.1 Four point bending configuration of the test set-ups in [95] and [79] 

It is worth noting that while the relation for the joint capacity efficiency in Eq.(A.1) 

is linear, the relation for the rotational stiffness in Eq.(A.2) is highly nonlinear, as 

illustrated in Figure A.2 for the experimental results from Paper iii [79]. The 100 % 

efficiency of the joint (i.e. fully rigid joint) can only be achieved for kθ → ∞ . This is 

of course practically impossible. Therefore, care must be taken when interpreting 

the efficiency results. Conferring Figure A.2, the nonlinearity, for example, implies 

that by doubling the maximum rotational stiffness obtained for the C4 

configuration (from ca.35000 kNm/rad to ca. 70000 kNm/rad), the efficiency is 

improved only by 12 %. 

 

Figure A.2 Theoretical and experimental results of joint efficiency with respect to 

rotational stiffness corresponding to the results from Paper iii [79] 
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B. Derivation of the resultant stiffness of 

axially and laterally loaded LTRs 

In the following, the derivation of the resultant stiffness of axially and laterally 

loaded LTRs related to the investigation in Paper ii [98] is presented. The respective 

stiffness in the axial Kax and transversal direction Kv are associated with the local 

coordinate system of the rod x y− , see Figure B.1. The resultant stiffness in the 

load direction is found by a transformation of the local rod coordinate system into 

a “global” coordinate system x y−  by applying a rotation ψ . The force-

displacement relation in the rod coordinate system x y− , = ⋅F K δ , transformed 

to the global coordinate system x y− , is denoted as = ⋅F K δ . The transformation 

is carried out using the rotation tensor Q  such that 
T⋅ ⋅K = Q K Q , ⋅F = Q F  and 

⋅δ = Q δ . The rotation tensor in the matrix notation reads: 

 
cos( ) sin( )

sin( ) cos( )
Q

ψ ψ
ψ ψ

 =  − 
  (B.1) 

Since the loading force F  (acting along x ) is the resultant force, the matrix 

notation of the relation = ⋅F K δ  is: 

 
11 12

21 220

x

y

F K K

K K

δ
δ

     = ⋅          
  (B.2) 

The terms in the stiffness matrix K are obtained by 
T⋅ ⋅K = Q K Q  as: 

 

2 2
11

2 2
22

12 21

cos ( ) sin ( )

sin ( ) cos ( )

cos( ) sin( ) cos( ) sin( )

ax v

ax v

ax v

K K K

K K K

K K K K

ψ ψ
ψ ψ

ψ ψ ψ ψ

= ⋅ + ⋅

= ⋅ + ⋅

= = − ⋅ ⋅ + ⋅ ⋅

  (B.3) 

The set of Equations (B.2) is solved for the displacement along x , 
x

δ , and the 

sought stiffness along x is found by /
x

K F δ=  as: 
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2

11 22
y

x

K K K
δ
δ
 

= − ⋅   
 

  (B.4) 

The following equality is obtained from Eq. (B.2) : 

 
12

22

y

x

K

K

δ
δ

= −   (B.5) 

which inserted into Eq. (B.4), finally gives the relation for the stiffness along x : 

 

2

12

11
2 2

22 sin ( ) cos ( )

ax v

ax v

K K K
K K

K KK ψ ψ
⋅= − =

⋅ + ⋅
  (B.6) 

If displacements along y are prevented, Eq. (B.4) for 0
y

δ = reads: 

 
2 2

11 cos ( ) sin ( )ax vK K K Kψ ψ= = ⋅ + ⋅   (B.7) 

 

 

Figure B.1 LTR loaded by a force F in a direction different from the rod axis 
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