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Abstract

In order to achieve larger spans of timber arclid®s, glulam massive timber sections must be splaresite by
moment resisting and rotationally stiff joints.this paper, a novel timber splice connection utiliziong threaded rods
and grout-filled couplers is presented. Flexurahrebteristics of the splice joint were investigatey full-scale
experimental tests and 3D finite element modelsaAalytical model is proposed for determining themment capacity
and the rotational stiffness of the splice conmectiThe experimentally measured efficiency of thkce connection

with regard to moment capacity and rotational s&ffs was 69 % and 66 %, respectively.

Keywords: timber beam splice connection, long threaded rgdsut-filled couplers, experimental testing, 3Ditin

element model, rotational stiffness, moment capacit

1. Introduction

The development of glued laminated timber (glulaipws for production of timber elements with ngauinlimited

cross-sectional dimensions. However, productionteamtsportation impose limitations on the lengthimber elements.
The maximum length of glulam elements is in a raoig80 to 40 m for straight elements, and approx@iya20 to 30 m
for curved elements in dependence on the radigsiviiture and means of impregnation [1, 2]. In otdeobtain larger
spans, it is necessary to splice the timber elesnentsite. Feasibility studies of glulam archeshwietwork hanger
configuration have shown that it is possible toi@ed timber bridges with spans in a range of 1004123, 4]. In order
to maintain stability and reduce buckling probleofighe timber arches, it is crucial to incorporflexural rigidity in

splice connections.
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The pros and cons of different splice connectiahéues in timber engineering are discussed inRg&kent research
on self-tapping screws and long threaded rods éamdstrated the capability of these axially loafdstieners to achieve
effective connections by utilizing their high axiaithdrawal capacity and stiffness. Currently, gef§ping screws and
long threaded rods are mostly used as reinforcenfdithber beams [6] or as connectors in a sheaixially loaded lap

connections [7]. However, the performance of lohgedded rods in moment resisting connections resnainbe

revealed. The present investigation deals withaibidication of long threaded rods as the main festein timber splice
connections subjected to bending moments. Grdaetfisteel couplers (similar to systems used farfoeced pre-cast
concrete) are used to connect the long threadeslinsdrted in the two parts of the timber beam. iflaén objective of

the investigation is to determine the flexural eleéeristics of the splice connection. Prototypéceptonnections were
produced and investigated by full-scale experimeetts. Complementary experimental investigatiwege carried out
to 1) identify withdrawal properties of the groutemtl splice, and 2) to establish the contact stgof two mutually
compressed mating timber end faces. The numericallations performed by finite element models eadbd deeper
insight into the mechanical behaviour of the testednections. Based on the findings from both tkgeemental and

the numerical investigations, analytical relati@me proposed for determining the rotational stggand the moment

capacity intended for practical design.

2. Problem definition

The present splice connection is intended for layigéam sections with special focus on timber netarch bridges.

The dominating internal force in such structuresaspression transferred by the contact of timbet faces. Shear
force can be transferred via shear keys. The dgsigiosophy is based on utilizing high withdrawaiffeess and

virtually non-existing initial slip of threaded redo achieve rotationally stiff joints that cannséer the moderate
bending moments. By providing sufficient effectiemgth, the failure mode is driven by yielding bétsteel rods. This
enables a more reliable prediction of the struttoraperties and increased ductility of the joitince both the threaded
rods and the steel couplers are embedded in theetinthe connection is durable, fire resistant aesthetic. Both the
threaded rods and the couplers can be pre-assembtedo transport of the timber sections; thisesathe mounting
process on site. It should be noted, however theafinal setting time is affected by the curinglué glue, and the gluing

operation on site implies quality control issues.

The main concern regarding implementation of spjaiets in glulam arches is the required rotatiost#fffness of the
joints. The flexural characteristics of this splimennection were studied using prototype splicegnatber beams. The

principal layout of the prototype beam splice cartim is presented in Figure 1.
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Pre-drilled hole
Pre-drilled cavity for rod coupler

Grouting channel

Rod coupler
Long threaded rod

Injection hole

Figure 1: Principal layout of splice connectiontwiibng threaded rods and grout-filled couplers.

3. Experimental tests

3.1. Tensile test of the rod splice

Tensile testing of the rod splice was carried oubiider to verify sufficient strength and to detemnthe withdrawal
stiffness of the system of rods and grout-fillediglers. In total, 6 tensile tests were conductad3 bf these tests, the
relative displacements of the rods were monitongtinm displacement transducers (confer Figure Be mean value of
these two measurements from each test was use@téomidne the deformation characteristics. Load wapplied

according to the loading procedure given in EN 268991 [8].

=214

It

Figure 2: Test set-up of tensile test of the rditefdimensions given in mm).
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3.2.Experimental determination of the stiffness at theinterface of two mutually compressed

mating timber end faces

The contact stiffness at the interface of two milju@ompressed mating timber end faces was detenin
experimentally. The test configuration is showrFigure 3. Two timber specimens were placed on fopach other,
with direct contact of end fibers, and compressa@ltel to the grain. Displacements were monitdrgd displacement
transducers. Two transducers were attached to gatimen (U and L) at two opposite faces. Fourrottemsducers
were placed at each face at the interface betweeggecimens. In total, 12 tests were carried The. specimens had
rectangular cross-sections of 130x130Tamd the length along the grain was 300 mm. Thbdimspecimens were sawn
from glulam beams of quality GL30c [9]. The tesbgdure followed EN 408 [10]. More details regagditne

experimental test can be found in [11].

i

8

W

Figure 3: Test configuration for determining thiéiséss at the interface of two mutually compresseding timber end faces.

3.3.Beam splice test

The beam splice was tested in a four-point bendordiguration leading to pure bending in the splic@nection. The
experimental set-up is shown in Figure 4. The deédion characteristics were obtained by the digitage correlation
(DIC) system ARAMIS [12] and subsequent linear esgion of the measured horizontal displacement figd each
time step. The measurements by DIC were validajedsie of additionally applied transducers. In totab rotational
transducers (denoted T1 and T2 in Figure 4) anekethlisplacement transducers (denoted T3, T4 andvéEs placed

across the end faces of the splice joint. The ivasl applied according to the loading procedurergimeEN 26891:1991

[8].
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Figure 4: Experimental set-up of beam splice tish¢nsions given in mm).

Four test configurations were tested, see sumnmafable 1 and illustrations in Figure 5. The timkead faces of the
spliced parts of the beam were placed in direcualutontact in the configurations denoted by “OC{‘for Contact). In
the “G” configurations (“G” for Gap), the two timbgarts were assembled with a 10 mm gap betweetirter end

faces.
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Figure 5: Test configurations of beam splice arahgple of production of G1 specimen (dimensigiven in mm).

Table 1: Summary of the tested beam splice cordiipms

) No. of No. of rods .
Config. - — Timber faces
tests Tension  Compression
C1 3 1 0 Contact
Cc2 3 2 0 Contact
Gl 3 1 1 Gap 10 mm
G2 2 2 2 Gap 10 mm

The timber beams were made of glulam strength &480c [9] and had 140 mm width and 270 mm deptte Beams
were fabricated with 45 mm thick lamellas of Nonmagspruce. The timber specimens were conditiaeke standard

environment of 20° C and 65 % relative humidity.
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The threaded rods were of type SFS WB-T-20 comglyiith DIN 7998 [13]. The outer diameter of the sad 20 mm,
the inner diameter is 15 mm. The strength cla8s8sccording to the manufacturer. The total lerjttihe rods was 700
mm, but the initial 200 mm was glued in the rod@eu giving an effective length of the rods equalt= 600 mm (the

rod length screwed in timber).

The steel couplers (Figure 5 and Figure 2) wer@gae made, and manufactured from steel S355. Tinglers were
200 mm long with an outer diameter of 35 mm. Theeirsurface of the couplers was machined with métreads M24
giving a minimum inner diameter of approximately &#n. Grouting, by two-component epoxy adhesive Mape

Mapepoxy L, was carried out through inserted paimetal injection tubes, see Figure 5 (right).

4. Experimental results

4.1. Tensile test of the rod splice

All tensile tests exhibited tensile failures of ttheeaded rods, proving that the rod splice wasngier than the rods.
Figure 6 shows the force-displacement curves oftéimsile tests, carried out by the arrangementigfré 2. The
connection showed no initial slip. The mean detaediaxial stiffness of the rod splid€,,, was 299 kN/mm (COV =
0.045). The stiffness was obtained by subtractivegdeformation of the free lengths of the rods ivitthe measured
range outside the coupler (length @epicted in Figure 2) from the total deformatioeasured in the experiments (over
length I; depicted in Figure 2). Compared to the stiffnegjust threaded rods of equal length, the rod spiE
approximately 1.5 times stiffer. All couplers wengt open after the tests in order to visually wetiife gluing efficiency.

It was observed that glue filled the entire sectibnouplers with very low occurrence of air bulsble

180 -
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Figure 6: Force-displacement curves obtained ftoarténsile tests of the rod splices.
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4.2.Experimental determination of the stiffness at theinterface of two mutually compressed

mating timber end faces

The stiffness at the interface of two mutually coegsed mating timber end faces is affected by eaith gffects. More
details can be found in [11]. These end grain ¢ffece described analytically by introducing a bimg zone in the

vicinity of the timber end faces characterized tyrashing modulusz,, and a crushing length,, schematically shown

in Figure 7.
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Figure 7: Schematic illustration of the analyticgbresentation of the crushing zone characteristics

The crushing length, is assumed to be of equal size on both sideseotdimtact interface of the timber parts. With
reference to Figure 7, this length is:

1
l zimlm_lu_lL) 1)

cr

wherely, is the range over which the displacemefijsvere monitored ank, andl_ are the lengths of the upper and the
lower specimen withirhy, but outside the crushing zone. Displacements toed by displacement transducers at the
interfaced\, involve 4 contributions (after deduction of initeip): displacements due to deformation of theemppart,

Ay, and of the lower partf,, and two displacements due to contact at end giainThis can be expressed as:
A, =0, +A +200, 2

By assuming material and dimensional homogeneitggathe entire length of the test specimens antyimgpa relation

for axially loaded strutA = F O/ (E CA) , Eq. (2) can be written as:
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whereF is the applied force corresponding to the dispteeatsay,, Ey, andE, represent the modulus of elasticity of the

upper and the lower specimen, respectively,Aiglthe cross-sectional area of the timber specmen

The stiffness of the crushing zone is finally exgzed by the crushing modullg and the crushing length as:

B @

The mean values of the experimental results (CAQ\225) are presented in Figure 8 for an extenh@ftrushing length
up to 3 mm, which is considered to be the uppeit,lidased on observations during testing. The éxparal results
show that the crushing stiffness is much lower ttr@n material stiffness. However, the extent of ¢heshing zone is
very limited, of the order of 1 mm, as observedually and identified from the measurements by dispiment

transducers. The deformation of the crushing zamind and after testing is illustrated in Figure 9.
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Figure 8: Experimentally determined stiffness atititerface of two mating timber end faces.

By comparing the stiffness of the crushing zoBg /|, given in Figure 8, it can be noticed that the s&ffs is not
significantly affected by the extent of the crughzone. For practical use, it is thus suggestagséd, = 3 mm with the

correspondinge, = 914 MPa, yielding the stiffness of the crushinget,, /1, 300N/ mn?.
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Figure 9: Deformation of the crushing zone duriesting (left), and deformation pattern at the exue$ after testing (right).

4.3.Beam splice test

Table 2: Experimental results of bending testgti€e connection

Config. No.of My ko %

Mean tests [kNm] coVv 4u® [kNmfrad] cov 4® [mm] COV
G1 3 19.1 005 27% 1826 0.08 48% 105 0.16
G2 2 43.6 002 62% 4016 0.02 67% 100  0.06
c1 3 25.6 0.14 36 % 2093 0.08 52% 112 0.05
c2 3 48.1 004 69% 3749 0.07 66% 143 0.12

input: GL30c:@ f,,,=41.4 MPd” E=13000 MPaG=650 MPa

Experimental results of bending tests of the spdimenections are given in terms of moment vs. iartah the joint, see
the plots in Figure 10. The ultimate moméhy the elastic rotational stiffneksand the distance of neutral axis from the
upper timber edge, (illustrated in Figure 14) are presented in Tahl@he splice efficiency with respect to moment
capacity, gy, is the ratio between the measured ultimate momedtthe mean bending capacity of the unspliceddim
cross-section. The efficiency with respect to tiotwal stiffnessy,, relates the mid-span deflection of an unspliceani

to that of a beam containing a splice connectiba (espective deflections were obtained analyyidall the principle of

virtual work).

All specimens failed due to withdrawal of the temsirods, see the detail at the rod-end in Figure. The C2
configuration was characterized by brittle faillwecurring shortly after the ultimate capacity hagkib reached (see
Figure 10). This may indicate a risk of progresda#ure of the group of rods caused by low dutibf withdrawal

failure of rods parallel to the grain [14]. A crapkrallel to the grain and close to the neutras axcurred for two C2
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specimens, see Figure 1la. This crack is

change of slope at the rotated end faces.
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Figure 10: Moment-rotation curves based on data fldC monitored during bending tests.

The curves plotted in Figure 10 are limited eithbgm rotation of 0.03 rad or by specimen failurbe Telative rotation8

were obtained by linear regression of horizontapldicements, monitored by DIC along the entiretlemd the vertical

sections (i.e. considering both deformations abmwe under the neutral axis) placed in the vicioitythe timber end

faces. The values obtained by linear regressiddlGfresults were in good agreement with the rotestimeasured by the

rotational transducers. Common for all tests: ritainslip was observed, facilitating an immediéted take-up in the

joint. This is an important prerequisite for the mmmt resisting connections, especially in statjcafideterminate

structures, for which an additional deformatiorthe joint causes a redistribution of internal faregthin the structure

[15].
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Figure 11: Detail of a C2 specimen during testing Qut-opened specimens after testing: Withdraa#ilife of a tension rod (b), a

compression coupler with the cavity in timber filleith glue (c).
The relative moment capacities and rotationalrstgtes for configurations with two rods as compé&veshe rod show
no obvious signs of a group effect in case of tagdsr(which suggestss = n with reference to EC5 [16] 8.7.2).

Some additional parameters obtained from the aisabfsthe bending test results in conjunction witle proposed

analytical model, are summarized in Table 3.

Table 3: Ultimate tensile force in rdg,, withdrawal stiffness of roH,,, and crushing modulU&, obtained by analysis of beam splice

test results

A" Ftu Kw Ecr @
conf. [kN] COV [kN/mm] COV [MPa] COV
Mean 128 0.11 264 010 114 0.24

@ for C-configuration and assumiig= 3 mm

It is interesting to notice that the withdrawaffsgéssK,, obtained here, is considerably larger than thaevabtained by
withdrawal tests reported by Stamatopoulos etld].[The latter was obtained from pure axial withdal of threaded

rods in pull-push test configuration.

The crushing modulug,, obtained from the bending tests, is much smdfian the value obtained from the separate
tests, as described in Section 4.2. While the tfstad grain effects yield a uniform stress disttion in the compressed
area, the bending tests produce a varying stresshdition in the compression zone. Another fataincertainty in the
fabrication process of the splice connections. jbirgs were not pre-compressed during hardenintp@fglue in the rod
couplers, and the planeness of the end surfacesimageneral lower for the specimens of the bendiesgts.

Consequently, the end faces may have had non-uniontact.
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5. Numerical model of beam splice tests

Numerical simulations of the beam splice were edrout by ABAQUS [17]. Each geometrical configupatitested in
the experiments was modelled by eight-node brieknehts with reduced integration and hour-glassrob(€3D8R).
Given the symmetry of the problem, only half theutnewas modelled, see Figure 12. Transverse dispkts of the
beam were prevented. Loading was applied by nopmeasure at the top of the beam, correspondingpmirt bending

as shown in Figure 4.

The contact stiffness between the end timber fatése splice joint was modelled by implementing torushing zone”
in the vicinity of the joint. The experimental vakifrom the bending tests were used as an inghttaumerical model

(I =3 mm andE,, = 114 MPa, see Table 3 and further discussion @ti@e7.2).

Figure 12: Finite element model for C1 configurat{ahpand detail of threaded rod with female padwfounding timber (b).

The rods and their interaction with the timber wbesed on a numerical model presented in [14]. &brdroperties
between rod and timber utilize a “hard” contactdadbur in the normal direction and isotropic tanigdrbehaviour with

a coefficient of friction of 0.2. The rod couplesgre not included in the numerical model. The asidfness of the rod
splice in the coupler was accounted for by conmgrthe experimentally obtained stiffnes& (= 299 kN/mm, see
Section 4.1) into an equivalent modulus of elasti(338 GPa), applied to the initial 200 mm portidfirthe rod core (see

Figure 12b).
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Material properties of wood were assumed to bestrarsely isotropic, see Table 4. HeEds modulus of elasticityG is
shear modulus andis Poisson’s ratio. The longitudinal direction (k)the grain direction, and no distinction is made

between tangential (T) and radial (R) directiorteebwas modelled as isotropic wih= 210 GPa and = 0.3.

Table 4: Material properties of wood used in nugarsimulations

E Er=Er Gr=Gi1 Grr VLR=WLT VIR
[MPa]®  [MPa]®  [MPa]®  [MPa]® [1® [-] ®
13000 400 600 30 0.6 0.315

@ Manufacturer: Moelven industrier ASA, class L40L@Bc)

®) Norwegian spruce [18]

6. Analytical model

Tests of timber splice connections using gluedandivood dowels [19] and glued-in rods [20, 21] daestmted the
importance of incorporating the slip of connectatsen predicting the height of the compression zzme the rotational
stiffness. Moreover, it was observed in [20] the stiffness of timber in compression is affectgdlbformation at end
grains of the timber end faces. The present amalythodel accounts for both slip of connectors fomdieformation at

end grains.

6.1. Prediction of rotational stiffness

Figure 13: Beam portion subjected to a bending momen

Figure 13 shows the deformed state of a portioa béam of lengthl2subjected to a bending moméwt The bending
moment produces a relative rotati@rat the end sections of the beam portion. By assgiramall deformations and
rotations, and Navier's hypothesis of plane sestimmaining plane during deformation, the followirdations of the

Euler-Bernoulli beam theory apply:
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@=tang= —d—W
dx
d d?w
/(:&wz—dx2 (5)
£, = ZB@: zlk
dx

The slopeg is also the rotation of the beam section (Navierls the curvature of the deformed beam apds the

longitudinal strain. Using (5), the relative rotatiof the end sections of the beam portion is faiertke:
le do
= [—Zdx=2&0O 6)
-J; dx ¢

Solving Eq. (6) with respect toand inserting the result into the expressiorefan (5), Hooke’s law gives:

o =EM, =ErEL @
21

C
whereg, is normal axial stress arfitlis modulus of elasticity parallel to the grain.

The analytical model is based on Eq. (6). Figureslidws a deformed splice connection with a relatbtationé of the
end faces caused by the bending monhnHere,h andb are height and width of cross-section respectj\ajys the
height of wood in compressiog, is a coordinate along z-axis of i-th row of thelsaletermined from the upper edge of
wood in compressior, represents equivalent length of compression zoraeh side of the connectias, is normal

stress in woodKg is axial stiffness of the i-th row of the rodsjs horizontal displacement at the i-th row of thds and

Z =a —4, is the z-coordinate of the the i-th row of stewls.

Figure 14: Analytical model characteristics.

The relative rotation of the end faces of the gptionnection is approximated by a relative rotatibthe end sections of
a beam portion of lengthl2 The flexural stiffness is thus governed by thdodwation of the wooden part in

compression and the elongation of a spring reptieggthe axial stiffness of the steel rods.
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The axial force in the i-th row of steel rods isifil by:

F =Ky =Ky [BF (8)
The horizontal force equilibrium reads:
b
n -8 2
F - o,dydz=0 (9)
2511
2

Using Eq. (7) and Eq. (8), Eq. (9) takes the folloyform:

ZK [fa —a,) - EEM" =0 (10)

Finally, the height of wood in compression is obéal by solving Eq. (10) fa,. The equation yields two roots, only one

of which is physically possible:

—Zn:K +\/(ZKJ . DZK (&

i=1 i=1

% = ET (11)
20,
The moment at the connection about the y-axis is:
b
n -ay 2
M=>F- | |0 dyd (12)
i=1 b
° 2
Using Eq. (7) and Eq. (8), Eq. (12) takes the fsitg form:
M=6 ZK Q+E[ﬂ)®0 (13)
600,
The rotational stiffness of the connectigns then obtained as:
M 7+ E @&
— g— 14
%= 0 Zl 610, 4

The axial stiffness of the i-th row of steel ro#g, is given by Eq. (15) and it is obtained as aedaife stiffness of a

system of three springs representing the axialdsétval stiffnesses of the threaded rods at eaehdfithe connection,
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denoted a¥,, and the axial stiffness of the joint of threadeds in the rod coupler, denotedias. The number of steel
rods in one row is denoted Bas

Kg=n K, Koo

g \ (15)
20K, +K,,

The equivalent length of compression zdge,consists of two contributions as shown in Figilse and is given by the

following equation:

| =1+l GEE (16)

cr

wherely is the effective length of the compression zone, &, andl are the crushing modulus and the crushing length,

respectively.

The effective length of the compression zdgecharacterizes the compliance of the wood in cesgion. This length
approximately defines a local area, in close prdtyinto the splice joint, for which the Navier's hyjhesis is violated
and where the stress state is a combination of meEssjpn stresses parallel to the grain, tensiessés perpendicular to

the grain and shear stresses.

P lg ler v u V]cr lo »
1 1711 1
E E, E, E

Figure 15: Graphical representation of the equivdiength of the compression zone.

It is proposed to estimatgas a simple function of the height of the timberss-sectioi:
|, =0.85h (17)

This relation was obtained based on investigatisisg numerical models. Given validity of the foohHooke's law

and Navier's hypothesis adopted for the modelJe¢hgthl, within the compression zone redgs EI/ g, . The extent

of the horizontal displacementsis a function of the height of the cross-sectigrelastic moduli parallelEy) and
perpendicular Eg) to the grain, and shear modulGs A parametric numerical study showed thats constant for

constant relations betwe&y, Egy, andG, which is the case for structural timb& € E, / 16, Eqy = Ey/ 30 in [22]) and
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which can also be assumed to be valid for glulahe Juggested lengthin Eq. (17) is thus independent of the timber

strength class.

The deformation at the end grains of two mutualiynpressed mating timber end faces is describechéysécond
contribution in Eq. (16). It is derived by introdng a crushing zone characterized by a crushingutsdE,, and a
crushing lengthl,. The parameters of the crushing zone were obtampdrimentally. A comparison of the horizontal
displacements at the splice joint, obtained by misakmodels, with and without a crushing zonedénonstrated in
Figure 16 (left). An example of the horizontal d&gments over the beam height at the splice joistiained by DIC
during one of the bending tests, is shown to thbtrin Figure 16. Figure 16 demonstrates good ageet between the

numerical model with the crushing zone (blue liaerll measurement by DIC.

Horizontal displacements, Horizontal displacements,

—|eft beam

—right beam
without CZ

—o—with CZ

——plane section

——plane section

Height of timber section
Height of timber section

Figure 16: Horizontal displacements along vertisattions at beam joint: Left: Output from numerioaddels with and without

crushing zone (CZ), Right: Example of results obtgibg DIC during one of the bending tests.

The determination of the position of the neutraband the rotational stiffness in the configunatisith no contact of
timber end faces is carried out by use of Eq. @) Eq. (14), respectively, with omitting the terassociated with the

compression stresses in the timber.
6.2. Prediction of moment capacity

For one single row of threaded rods in the tensigie, or one in the tension and one in the commessde, the

moment capacity is obtained from simple momentléxgiiim of compression and tension force actinthatjoint:

M, =min(F,;F,)Z, (18)

u’
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whereF, andF¢, are the ultimate strengths of components in tenai compression obtained by Eq. (19), and the

lever arm of the internal forces. With referenc&igure 14z is determined by assuming th&t acts ag, /3.

Ftu = rll’ Hr"r](RaXU’RJ)

19
Fcu:%maaoljfc,o ( )

Here,f. o is the timber strength in compression paralleh®grain R, is the tensile strength of the rods (providedtisy t

manufacturer) an,,, is the ultimate withdrawal strength of threadedsro
6.3. Ultimate withdrawal strength of threaded rods

The withdrawal strength of threaded rdflg was determined by Stamatopoulos et al. [23]. Hanew this particular
connection, the rods are loaded by a combinatioaxafl withdrawal force and local bending momerdueced by the
rotational restraint at the point where the roceenthe coupler. Hence, the ultimate withdrawarggth of the rodsRu.,

is less than that of rods in pure tensiBg, Since the withdrawal strength of threaded rod@jgproximately) a linear
function of the effective length [23], the ultimatéthdrawal strength is determined on the basia oéduced effective

length of the threaded rods:

&m:&ﬂﬁdqﬂ (20)

The effective length of the threaded rods (lendtthe rod screwed in timber) is denotgdwheread, is a free length of
rod that is not considered to contribute to thehdiawal capacity. This free length is estimatedofiews. In the same
way as the models developed for connections with fareaded self-tapping screws [24], the threadmtis considered

as a semi-infinite beam on elastic foundation ladlolea bending mome,, see Figure 17.

L Ix
/

/W El \ .
“‘i}?ﬁ%ﬁﬁiiiiiii%

(a) (b)

Figure 17: Simplified illustration (rod couplerseanot included) of an imposed local bending monsanthe end of the rod (a),

analogy with semi-infinite beam on elastic foundat{b).
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The differential equation for the deflection cunfea beam supported on an elastic foundation is:

El = =k 21)

wherek is the foundation stiffness (N/nfinand El represents the flexural stiffness of the beam.ir@goducing the
characteristic length and solving the differential equation with boundaonditions corresponding to the arrangement

shown in Figure 17b, the deflection curve becordé$: [

2
y =me‘m(cos()l X)- sind x)); A= ,4/ 4:; (22)

k

The lengtH, is found by solving Eq.(22) with respect¢dor y = 0, and considering the second period, see Figure 17b

|X:5_7T:_5ﬂmcgﬂ (23)
408 k

whered, is the core diameter of the threaded rdfids the elastic modulus of steel akds the foundation modulus of

timber transverse to the grain.
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7. Model evaluation compared to experimental results

Table 6 presents an overview of experimentally)yaitcally and numerically obtained parameters. Tput parameters

to the analytical model are summarized in Tabl€&6&r the nomenclature of the input parametersSsetion 6.

Table 5: Input parameters to the analytical model

KW Kco E Ecr |CI’ RaX K
[KN/mm]  [KN/mm] [MPa] [MPa] [mm] [kN] [MPa]
264 299 13000 114 3 161 710

Table3 Sect.4.1 Table2 Table3 Table3 (23] [26, 27]®

@ Mean value from experimental investigation

® Average of experimental results for spruce anel stewels of diameter 16 mm
(763 MPa [26] and 658 MPa [27])

Table 6: Result comparison for ultimate momiit rotational stiffnesg,, and distance of neutral axis from the upper tindulgyea,

Config. M, [KNm] ky [kNm/rad] ao [mm]

Mean Exp. Anal. EXp. Anal. Num. EXp. Anal. Num.
Gl 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

7.1. Analytical model comparison to experimental results

The analytical model gives, in general, good esésmaf both the rotational stiffness and the monsapacity, see Table
6. The predicted rotational stiffness for the Cfigurations is conservative due to the assumedepless of end timber
sections (Navier). However, the Navier's hypothésjsn fact, violated in close proximity to thedetimber faces, as
shown in Figure 16. In the experiments, the redunaiizontal displacements within the compressionezeesult in a

lower monitored rotation and thus a higher rotatlatiffness.

The prediction of moment capacity for the C confaions, with the neutral axis determined by thsuased elastic
behaviour by Eq. (11), is somewhat conservativenf€@oing Table 6, the predicted capacities are agprately 15 %
lower, compared to experimental results. As thsiterdorces in the rods approach the ultimate wiladl strength, the
withdrawal stiffness of the rods gradually decregdel, 23]. The neutral axis thus gradually mowesards the upper
edge of the timber cross-section and the leverddrtie internal forces increases. However, thegiasing rotation in the
joint gives rise to shear stresses and tensilssstseperpendicular to the grain in the compressioe, due to change of

slope at the rotated end faces, as shown in Fitfiiré was observed in the experiments that theiples“plastification”
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of the compression zone is accompanied by occwereficracks along the grain near the neutral &es,Figure 11a. If
no measures are taken to reinforce the timber pdipalar to the grain, it is most appropriate tedict the moment

capacity based on the elastic behaviour assumption.

The crushing modulug, based on the experimental results obtained fromb#rading tests was used as an input
parameter to the analytical model. The use of éngsmodulus obtained from the uniaxial tests of gnain effects

provided overly stiff predictions, compared to theults from the bending tests.

From the cut-outs of the specimens after testwag observed that voids in the timber around thel stouplers were
well filled with glue (see Figure 11c), which alled a force transfer between the couplers and thbeti at the
compression side. Consequently, the axial stiffisat the compression side, monitored in experimems, 2.2 times
higher than the stiffness at the tension side. Wais taken into account in the neutral axis prégticby the analytical
model. The “pushing-in” stiffness of long threadeds was studied using numerical models. Thisngt#é was found to

be 1.1 times higher than the withdrawal stiffndégg,of the rods.
7.2.Numerical model comparison to experimental results

The numerical model predicts the rotational sti$fndéor the C configurations with good accuracy, laiie rotational
stiffness for the G configurations is underestirdéty approximately 25 %, confer Table 6. The distaaf the neutral
axis from the upper timber edgg obtained by the numerical models for the G camfigions, is somewhat larger than
obtained experimentally. These discrepancies ausechby the fact that the numerical model doesanobunt for the
contact forces between the rod couplers and theetimA possible future improvement of the model barfacilitated by
physically modelling the steel couplers and defindontact surfaces between the rods and the cayjgled between the

couplers and the timber.

The mean withdrawal stiffness obtained by the nicakanalyses was 258 kN/mm, which is in good agesg with the

experimentally obtained value.

Similar to the analytical modeE,, obtained from the bending tests was used as art tophe numerical models. The
use of the crushing modulus obtained from the ualaests of end grain effects yielded an exces$gistff model,

compared to the results from the bending tests.
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8. Concluding remarks

The investigation revealed that high moment capauit rotational stiffness of timber splice confmttan be achieved
by application of long threaded rods. The testathection showed no initial slip, which is an im@nt pre-requisite for
an application in moment-resisting connectionsather brittle failure, caused by withdrawal of theeaded rods, was
encountered for all experimental tests of the splionnection. The ductility was, however, much bigthan for

unspliced timber beams. Both ductility and capaoftyhe connection can be enhanced by yieldingdsy achieved by

use of larger effective length of the rods.

Capacity and withdrawal stiffness of the rod spliog grout-filled couplers, were sufficient andiable. None of the

experimental tests failed at the joint of the rottse grouting process was straightforward and &asyplement.

The finite element model simulates effectively fiead behaviour of the joint. Application of a crusdp zone at the joint

allows for modelling of end grain effects of two tually compressed timber end faces.

The proposed analytical models yield slightly camaBve estimates of both the rotational stiffnessl the moment
capacity of the splice connection. Input parameietiese models are proposed based on the nuiremalgses and the

experimental tests.

The orientation of the threaded rods in the grameation enables direct force transfer in the aximéction. It also
utilizes the high withdrawal stiffness of rods pielato the grain. On the other hand, since withehbof the rods is
characterized by brittleness, it can lead to pregjwe failure of a group of rods. Furthermore, tlevelopment of
shrinkage cracks (in the grain direction) in clgseximity to the threaded rods can lead to lossapacity. These
shortcomings can be overcome by using long threaoésl with a small inclination to the grain. Furtlevestigations

are, however, necessary to examine for instanceftaet of an implied lateral force component a& émd of the rods.
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