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SUMMARY

This paper investigates the seismic behaviour of moment-resisting timber frames with beam-column joints
fastened with expanded tubes and reinforced with densified veneer wood. Laboratory experiments are
carried out on single joints to investigate the cyclic behaviour and, more specifically, the impairment of
strength, the ductility ratio and the equivalent viscous damping ratio. A phenomenological numerical model
is proposed, where the beams and columns are schematized using linear-elastic beam elements, and the
joints with non-linear hysteretic spring calibrated on the results of the experimental tests. The model is used
to analyse some representative moment-transmitting structures characterised by different number of bays
and storeys. After an estimation of the lateral load-carrying capacity using a pushover analysis, the
numerical model is used to estimate the behaviour factor. An incremental dynamic analysis is performed
using a set of accelerograms spectrum consistent with a chosen design spectrum. The analyses lead to an
estimation of the behaviour factor of 3 and 6 for a portal frame and a five-storey, three-bay frame,
respectively, which confirms the highly dissipative behaviour of this kind of moment connection.
Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Timber structures represent nowadays a suitable alternative to concrete and steel, even for medium-rise
to high-rise buildings and for earthquake-prone areas. For many years, a great research effort has been
made to estimate the dissipative capacity and thus the seismic vulnerability of different timber systems,
including light-frame construction, cross-laminated systems and moment-resisting frames, to list the
most common ones. Dowels or bolts are generally used as fasteners in timber connections, the load-
carrying capacity of which is calculated using the Johansen theory [1]. However, structural design in
seismic regions requires special focus on ductility and dissipation of energy in addition to strength.
Previous studies performed by Leijten et al. [2–5] showed that using metal tubes fasteners instead of
dowels in combination with reinforcement of the timber connections with densified veneer wood
(DVW) beech plywood results in mechanical properties superior to many other existing timber
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connections, Figure 1. The DVW sheets are separately glued to each timber member using an epoxy
resin adhesive Aerodux 185 with a powder hardener (HRP 155).

Their purpose is to avoid premature failure of the timber caused by the embedment stresses at the
interface with the fasteners. The embedment forces are resisted by the DVW and distributed over a
large glued surface. The DVW plywood sheets consist of 1-mm-thick veneers that are layered
crosswise. Tests presented in [2] have shown this layup results in isotropic embedment properties.
The reinforcement of the connection combined with the use of mild steel tube fasteners results in a
ductile behaviour in static tests [4, 5]. During assembly, the tubes are expanded in the oversized pre-
drilled holes with a hydraulic jack to remove the hole clearance. This assembly process increases the
initial stiffness and ensures immediate load take-up. Previous research on reversed-cyclic behaviour
of the DVW connections with expanded tube fasteners showed a ductility ratio and ultimate rotation
significantly higher than using traditional dowel-type fasteners as shown in [6]. Past investigations
carried out on dowel-type connections mainly focused on the estimation of the effective load-
carrying capacity. Jorissen [7] experimentally studied multiple dowel-type connections and
discussed a load distribution model. Blass et al. [8] investigated a modification of the Johansenˈs
yield theory. Uibel and Blass extended such a study to solid wood (cross-laminated) panels [9] and
Dias et al. to timber-concrete connections [10]. Despite the numerous research works on this topic,
none of the above is related to the expanded tube fastener connections.

In this paper, experiments on DVW connections are presented and critically discussed. Fully
reversed-cyclic tests are carried out and used to calibrate a previously developed numerical model
for seismic investigations of timber structures [11, 12]. Different planar moment-transmitting frames
have then been analysed via non-linear static (pushover) and non-linear dynamic (time-history)
analyses. The behaviour factor q is then estimated as a ratio between the peak ground acceleration
(PGA) needed for the first connection to attain the ultimate rotation and the PGA leading to the
plasticization of the first connection, as already carried out in [14, 15].

2. LABORATORY TESTS

The purpose of the experimental tests was to characterise the cyclic behaviour of the connection under
fully reversal loading with a particular focus on features such as impairment of strength and stiffness
degradation. The ductility values and the equivalent viscous damping ratio (EVDR) were determined
in accordance with EN 12512 [16]. The loading protocol prescribed by this standard was followed,
which considers the displacement associated with the onset of yielding as a starting point. The yield
displacement was estimated using the test protocol of EN 26891 [17]. Once the yield displacement
was known, the yield rotation could be calculated.

2.1. Test series

Three different test series with T-shaped specimens had been tested, Series P0, P1 and P2. The strength
class of the laminations used for the production of the glued laminated timber members was C24

Figure 1. Densified veneer wood (DVW) reinforced timber connection with expanded tube fasteners before
(left) and after (right) the assembly.
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according to EN338, which corresponds to a characteristic bending strength of 24N/mm2. The wood
species was Norway Spruce. The mean wood density was 451 kg/m3 with a mean moisture content
of 11%. The T-shaped specimens consisted of two horizontal side members and one vertical middle
member. The cross-sectional dimensions of the glued laminated middle and side members were the
same. Details about the test series are presented in Table 1. The 18- and 35-mm-diameter tubes of mild
steel had wall thicknesses of 2.35 and 3.25mm, respectively. The test series P0 and P2 consisted of
four tubes located at the connection corners at 120- and 248-mm distance from the connection centre,
respectively, as shown in Figure 2.

The edge and end distances were 3.5 times the tube diameter. The connection area was 300 by
300mm for P0, 400 by 400mm for P1 and 600 by 600mm for P2 Series. The connection of the test
Series P1 had six 18-mm-diameter tubes altogether: four at the corners and two in between.

Series P1 was tested to check the consistency of the results when trying to predict its behaviour
using the results of Series P0. Series P2 had a fastener layout comparable to Series P0. However,
the diameter of the tubes was 35mm, and the timber members were larger than Series P0. The
distance between the centre of the connection and the point of load introduction was 2400mm for
all test specimens. The length of all horizontal side members was 3000mm with the connection
placed in the middle. To prevent splitting of the vertical member at the point of load application, the
loading area was reinforced by gluing two sheets of 18-mm plywood to each face, see Figure 3.

The DVW reinforcement, supplied by the company Lignostone International, was decisive for the
mechanical properties of the connection, as the previous research carried out by Leijten [2] showed.
The density of the DVW plywood was about 1200 kg/m3. DVW is intended to be used for indoor
climatic conditions as substantial swelling in thickness occurs when directly exposed to water (rain).
To prevent undesirable swelling for short periods, the edges can be sealed. The DVW reinforcement
was glued to each face of the middle member and the corresponding face of the side members,
covering in this way the whole connection area. The DVW thicknesses are listed in the last column of
Table 1. The adhesive used to glue the DVW to the timber members was a liquid phenol resorcinol
Aerodux 185, mixed with the powder hardener HRP 155. Prior to the gluing process, the DVW
sheets were sanded. The glue line pressure was achieved by applying screws in pre-drilled holes in
each DVW sheet. The loads required to expand the metal tubes were 80 and 160kN for the 18-m
and 35-mm-diameter tube, respectively. More details about the oversized holes and over-length of
the tubes are given in Leijten [2].

Table I. Dimensions and parameters of each test series.

Test
series

Number of
specimens

Tube
diameter
[mm]

Number of
tubes

Cross-section
dimension

Distance to
connection

centre R [mm]

DVW
thickness
[mm]

Middle and side member [mm×mm]

P0 3 18 4 45 × 300 120 12
P1 1 18 6 80 × 400 135/191 15
P2 3 35 4 80 × 600 248 18

Figure 2. Test series P0 (left), P1 (middle) and P2 (right), units in millimetres.
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2.2. Test setup

The test specimens were subjected to a horizontal quasi-static load as prescribed by EN 12512 [16].
The test rig is displayed in Figure 3. Because the stroke length of the actuator was too short for the
intended deflection of the specimens at the load introduction, a lever arm was used to increase the
maximum horizontal displacement to 400mm. The load introduction and the end of the lever arm
were placed as high as possible, to keep the shear force in the connection as low as possible. The
top end of the lever arm was connected to the T-shape test specimen by a horizontal steel
member hinged on both ends. The horizontal movement and vertical uplift of the test specimen
were prevented by end supports. The lower pivot point of the lever arm corresponded to the
centre line of the connection. The end of the lever arm corresponded to the load introduction of
the specimen ensuring a horizontal load application throughout the test procedure. The actuator
was connected with hinges to the test rig and the lever arm. The displacement of the hydraulic
actuator was controlled by an external computer, where a custom-made programme followed the
prescribed displacement history of EN 12512 [16]. The prescribed displacements at the load
introduction were monitored by a linear variable displacement transducer (LVDT). All the other
displacements were also measured using LVDTs. Out of plane deformations were prevented by a
lateral stability element. The applied force was measured by a load cell close to the load
introduction, see Figure 4.

To perform the test accurately, the relative rotation and translation of the horizontal members with
respect to the vertical middle timber member were measured at the connection centre using a
purposely built rotation and displacement measurement (RDM) apparatus as shown in Figure 5.
The RDM was mounted at the centre of the connection area, where the vertical and horizontal
centre lines intersect. The centre line of the middle (vertical) timber member was taken as the y-
axis and the centre of the longitudinal (horizontal) timber side member as the x-axis. The RDM
consisted of two plexiglas sheets, a square and a triangle one, and three LVDTs (labelled A, B
and C in Figure 5). The square plexiglas sheet was screwed to the side member near the centre of
the connection area. The triangular plexiglas sheet was connected to the centre of the middle
timber member using a 8-mm-diameter threaded steel rod. This rod was fixed with two nuts to
the DVW of the middle member. In order to fix the steel rod to the middle member, a hole was
drilled in the side members big enough to allow translation movements of the middle member
relative to the side member.

The LVDTs were all fixed to the square sheet and measured the rotation of the triangle sheet. The
LVDTs labelled C and B were parallel to and aligned with the x-axis and y-axis, respectively, and
recorded the corresponding translations wx and wy. Both LVDTs took the measurement at the edges
of the triangle sheet 50mm away from the intersection of the x and y axes denoted with M. Only
LVDT A was fixed 150mm from the centre M and was parallel to LVDT B. Using the data

Figure 3. Photo of the test rig with specimen series P2 (left) and detail of the plywood sheet at the loading
point (right).
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recorded by LVDT, A and B allowed the determination of the relative rotation of side and middle
member with Eqn (1), with wB and wC signifying the displacements recorded by LVDTs B and C.

φ ¼ tan�1
wA�wB

150

� �
(1)

The displacements wx,M and wy,M at the connection centre M in x and y directions were affected by
the rotation and require adjustment using Eqn (2).

wx;M ¼ cos 2ϕð ÞwB þ 0; 5 sin 2ϕð ÞwC þ 50 1� cosϕð Þ cosϕ þ sinϕð Þ
wy;M ¼ cos 2ϕð Þwc þ 0; 5sin 2ϕð ÞwB þ 50 cosϕ � 1ð Þ sinϕ � cosϕð Þ (2)

Figure 5. Measurement of relative rotation and displacement in the joint.

Figure 4. Schematic of the test setup, units in millimetres.
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The equations can easily be derived using the geometry of the Plexiglas sheets and the positions of
the LVDTˈs as given in Figure 6.

3. TEST RESULTS

The load procedure according to EN 12512 was based on the displacement associated with the onset of
yielding. Preliminary shear tests carried out in accordance with EN 12512 on single-tube fasteners
showed that the yield displacement were 1.00 and 0.98mm for the 18- and 35-mm-diameter tube,
respectively. The corresponding shear forces were 47 and 109kN per tube. Using this information,
the onset of yield rotation and the corresponding displacement at the load introduction point of the
T-shaped test specimen could be estimated. For test Series P0 and P2, the estimated rotation at the
onset of yielding was 0.0083 rad for the 18-mm-diameter tube and 0.0040 rad for the 35-mm-
diameter tube. The bending moments corresponding to these rotations were 22.6 and 107.9 kNm,
respectively. Using the data of similar tests carried out by Leijten [2] results in 0.0085 and
0.0045 rad for the onset of yield rotation with 24.7 and 123.8kNm as bending moment, respectively.
The expected maximum deflection at the load introduction point was 400mm. Based on the
preliminary tests, tube failure was expected at a bending moment of 37.5 kNm and corresponding to
a rotation of 0.11 rad for the 18-mm-diameter tube. For the 35-mm-diameter tube, the values were
185 kNm and the rotation 0.067 rad. These values are summarised in Table 2.

Although the test specimens were designed not to fail in the timber part prior to the failure of the
tube fastener, nevertheless it happened once for a specimen of the P0 test Series where the middle
member failed in bending prematurely. This failure occurred in a finger joint of the outer lamination
loaded in tension. In practice, timber failure is prevented by using the 5% lower characteristic
strength values when designing the timber parts. Failure of the connection was defined when the

Figure 6. Geometry of the MDR device and locations of the linear variable displacement transducer a, b
and c.

Table II. Yield displacements and rotations, and corresponding shear forces and moments of each test series.

Test
specimen

Yield displacement
[mm]

Yield force
[kN]

Rtube
† [mm] Yield rotation

[rad]
Yield moment

[kNm]

18-mm tube 1.02 51.42 120.21 0.0083 22.6
35-mm tube 1.12 125.10 247.48 0.0040 107.9

†The distance from the centre of the tube fasteners to the geometrical centre of the connection.
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impairment of strength in subsequent load cycles dropped more than 20%. Figure 7 shows the
representative hysteresis curves of test specimens P0-03 and P2-02. The hysteresis curves are based
on the average of the rotations recorded by the RDM on either side of the connection. Figure 8
shows the history of the relative displacement recorded in the middle member in the x and y
directions with respect to the side member for test specimen P2-02. The vertical displacement along
the y-axis did not exceed 1.2mm and showed that the influence of the vertical shear load given by
the self-weight of the specimen and by the load application beam was small. The gradual sagging of
the average this curve over time was on average 0.6mm. The horizontal displacement along the x-
axis attained the maximum value of 5mm and represents the effect of the horizontal shear load that
was obviously much more significant than the effect of the self-weight.

The moment–rotation curves of Figure 7 can be easily transformed into a force–displacement curve
using simple statics and ignoring the minor influence by the vertical and horizontal shear load. In this
case, the total bending moment is the resultant of the moments of the shear forces at the two shear
planes of each tube. Such shear forces were assumed as proportional to the distance of the tube
fastener from the rotation centre M. The result is displayed in Figure 9 as force per shear plane.

Figure 7. Hysteresis curves of Series P0 specimen, 18-mm-diameter tube (left) and Series P2 specimen, 35-
mm-diameter tube (right).

Figure 8. History of recorded relative vertical y-displacement (left) and horizontal x-displacement (right) at
the connection centre. P2, 35-mm tube (right).
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Figure 9. Force–displacement curves per shear plane for the Series P0, 18-mm tube (left) and Series The
strength and stiffness properties experimentally measured by Leijten in single-shear static tests [2] are shown

in Table 3. All strength and stiffness properties refer to single-tube and single-shear plane.

Figure 10. Predicted and recorded hysteresis loops of test Series P1-01.

Table III. Characteristic strength and mean stiffness for design calculation purposes.

Tube diameter
[mm]

Min. DVW
thickness [mm]

ULS strength†

[kN]
SLS stiffness‡

[kN/mm]
ULS stiffness#

[kN/mm]

18 12 35 30 15
35 18 96 65 20

†Characteristic strength (5% fractile) per shear plane per tube: for double tubes add 15%.
‡Mean stiffness per shear plane per tube for SLS design: for double tubes add 15%.
#Mean stiffness per shear plane per tube for ULS design: for double tubes double the value.
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To demonstrate the consistent behaviour of the tube connection, the force–displacement records of
test Series P0 were used to predict the moment–rotation curves of test Series P1-01. This test series had
not only tube fasteners at the four corners of the connection area but also two tubes located halfway as
shown in Figure 2. Assuming the shear force in the tube is proportional to the distance of the fastener
from the centre of the connection area, the result of this transformation is given in Figure 10 (blue solid
curve) and compared with the actual recorded test data (red solid curve). A final difference on total
energy less than 16% demonstrated that the hysteretic behaviour of connections with different tube
fastener patterns can be predicted from the hysteretic behaviour of a single-tube fastener.

The energy dissipation of a connection is an important property of seismic-resistant joints, which is
measured by the EVDR according to the European Standard [19] by using the hysteresis curves. This
non-dimensional parameter is measured as the ratio between the dissipated energy in half cycle and the
available potential energy multiplied by 2π. The EVDR values of the expanded tube fastener connec-
tion is calculated and compared with other examples of ductile connections developed by Kasal [28]
and Schreyer [29]. Kasal tested connections reinforced with DVW using solid dowels, whereas
Schreyer tested steel-to-timber connections with slender dowels and without reinforcement.
Figure 11 plots the EVDR values of the different connections versus the loop number. The difference
among the energy dissipation using DVW-reinforced connections with expanded tubes or with normal
dowels (Schreyer [29]) is remarkable. The connections with slender dowels show a lower dissipative
behaviour, as displayed in Figure 11. The energy dissipation clearly increases when the tubes enter
the plastic deformation phase that corresponds to loop number 20–24. The DVW-reinforced tube con-
nections even reach EVDR values higher than 0.3 at some deformation steps.

In the European design standard EN1998-1 [13] known as Eurocode 8, three ductility classes are
introduced: low (L), medium (M) and high (H). A medium class system requires dissipative joints with
a ductility ratio >4, while an H-class structure requires joints with ductility levels >6 without more
than 20% reduction of resistance in subsequent load cycles. The impairment of strength of specimen
P0-02 exceeds the 20% at the 7th triple displacement cycle. This makes the connection belong to duc-
tility class H, having attained a ductility ratio of 6.6 at the sixth triplet displacement cycle with an im-
pairment of strength of 19.8%. For the specimens with the 35-mm-diameter tube, failure was governed
by the impairment of strength of 18.9% at the 10th triple displacement cycle resulting in a ductility ra-
tio of 14.7.

To compare the reported characteristic static and cyclic strength, the test results of specimens P0 and
P2 have to be modified. The characteristic cyclic strength is determined according to EN 14358 [19].

Figure 11. Comparison of equivalent viscous damping ratios for different ductile connections.
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This European Standard described the calculation of characteristic 5-percentile values and acceptance
criteria for a sample. In Table 4, the mean value and characteristic strength are presented.

Figure 12 shows the force–displacement curves for static and cyclic (backbone curves) loading. The
levels of the characteristic static and cyclic strength are also indicated. To obtain the design values
according to Eurocode 5, the characteristic strengths are multiplied by appropriate values of kmod

accounting for load duration and moisture effect and divided by the partial material factor. Different
values apply when design is made corresponding to Eurocode 8 [13].

The rotational stiffness of the connection, kφ is simply calculated with Eqn (3) (Figure 13).

kφ ¼ ns∑
n
k trR2 (3)

Table 5 compares the results of Eqn (3) with the experimental results obtained from the RDM data.
The differences are below 4%, demonstrating that the connection behaviour can be predicted using the
proposed approach.

4. NUMERICAL MODELLING

The numerical approach proposed by Rinaldin et al. [11] has been used to model the investigated
connection. The model consists of a phenomenological non-linear spring with a slip-type hysteresis
law, and it has been successfully used to model connections in several types of timber systems such

Table IV. Mean and characteristic strength.

Test specimen Mean strength [kN] Characteristic strength [kN]

P0 27.51 25.60
P2 66.18 57.15

Figure 12. Static and cyclic (first backbone) shear force–slip curve of one tube per shear plane.
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as cross-laminated [30], log-house [31] and light-frame structures [32], and also to model non-linear
rotational joints [14, 15]. The nature of this modelling approach allows the user to perform non-
linear static and dynamic analyses with a limited computational effort, making it suitable for
incremental dynamic analyses (IDA). Figure 14(a) depicts the piecewise law implemented in the
model, composed by a tri-linear backbone curve and different unloading and reloading paths.

Stiffness and strength degradations are taken into account; further information on their formulation
can be found in [11]. The degradation parameters have been obtained from an iterative calibration
process, presented later on.

In this paper, such model has been employed for representing the entire dowel-type joint in the
moment M-rotation φ plane, as schematically depicted in Figure 14(b). Hence, the frames have
continuous linear-elastic beams and columns, which have been connected through flexural springs
with non-linear hysteretic behaviour.

5. SPRING CALIBRATION

The calibration of the rotational springs has been performed for each cyclic test presented in this paper.
A set of 16 input parameters is required. Such process has been carried out with a purposely developed
software [18] through two steps: (i) calibration of the backbone curve according to the EN 12512
regulation [16] and (ii) iterative calibration of the parameters defining the hysteresis cycles.

At the first step, once implemented the experimental moment–rotation curve of Figure 15(a), the
software automatically determines the elastic and the hardening branches of the backbone curve
according to EN 12512 [16]. After that, a further softening branch is set starting from the point of
maximum strength and the related displacement, and assuming as final point that where the strength
loss, during repeated load cycles, exceeds 20% of the peak strength.

Figure 13. Schematics used to calculate the joint rotational stiffness with n number of tubes; s number of
shear planes (two in this case); ktr translational stiffness of a tube; R distance between the tube location

and the rotation centre.

Table V. Rotational stiffnesses.

Tube
diameter
[mm]

Shear stiffness
from Table 3
[kN/mm]

Distance between
the tube and

rotation centre [mm]

Rotational
stiffness
[kNm/rad]

Rotational stiffness
from RDM

data [kNm/rad]

Difference in
rotational

stiffness [%]

18 30 120.2 3468 3352 3.5
35 65 247.5 31 853 30 634 4.0

RDM, rotation and displacement measurement.
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In the second step, the cyclic parameters are set: initially, the software suggests some values, which
can then be refined by the user or through an automatic optimization process [18]. The process ends
when the final value of total experimental energy calculated by integration of the experimental
curves implemented and the total energy given by the model approximation differs from less than
5%, which was considered a satisfactory value in previous works [11, 12, 15]. As an additional
constraint in the described iterative procedure, the difference between the numerical moment and the
corresponding experimental value at the same rotation is minimised, in this way limiting the sets of
parameters that can be obtained as a result. Figure 15 shows the calibration used for the test P2-02
and a comparison between experimental and numerical total energy time-histories (Figure 16).

The obtained parameters, listed in Table 6, have been used in the subsequent dynamic analyses. The
first five parameters are related to the definition of stiffnesses (Ki) and strength (Fi) associated with the

Figure 14. Symmetric moment–rotation hysteresis law for the rotational springs, with branch numbers (a)
and frame schematization with rotational springs (b).

Figure 15. Experimental–numerical comparisons of resisting moment versus rotation curves (left) and time-
histories of total energy (right) for the joint test P2-02.
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backbone curve, while ϕult signifies the ultimate rotation of the spring. The factors kunl and c5
determine the stiffnesses of branches 4/50 and 5/40, respectively, while RC and SC set the unloading
and reloading ratio from and to the backbone curve, respectively. Finally, α and γ are the strength
degradation parameters [11].

6. Q-FACTOR ESTIMATION OF FRAME ASSEMBLIES

In the past work of Wrzesniak et al. [15], the behaviour factor qwas evaluated on plane frame structures
with expanded tube fasteners through IDA, already used by Ceccotti et al. [20, 21] for cross-laminated
timber buildings. In this approach, a series of non-linear dynamic analyses are performed with the same
input ground motion, scaled up in its acceleration amplitude until the structure fails [22]. The aim of this
procedure is to find the acceleration level leading the building to attain the onset of yielding, defined as
PGAel, and the collapse condition, defined as PGAinel. Such conditions are considered to be reached
when the first spring in the model attains the elastic limit and the collapse, respectively.

The ratio between the aforementioned values gives an estimation of the behaviour factor of the
structure, as expressed by Eqn (4).

Figure 16. Experimental–numerical comparisons of resisting moment versus rotation curves (left) and time-
histories of total energy (right) for the joint test P0-03.

Table VI. Parameters obtained from model calibration to tests P2-02 and P0-03.

Parameter P0-03 P2-02

Kel [kNm] 5.204 70.028
Fy [kNm] 20.288 95.992
K1pl [kNm] 0.266 1.098
Fmax [kNm] 28.78 132.21
K2pl [kNm] �0.11 �0.941
kunl 2.318 3.265
RC 0.204 0.11
SC 0.9 0.8
φult [mrad] 88.276 62.459
α 1 1
γ 0.000505 0.000505
c5 0.5 0.5
Total energy diff. (%) �0.05 �0.78
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q ¼ PGAinel

PGAel
(4)

Two frame assemblies have been analysed: a simple portal frame (i) and a five-storey, three-bay
frame (ii). Each model has been built in accordance with Figure 14(b). The two models are
schematically displayed in Figure 17.

Both structures are made of Glulam beams connected by DVW-reinforced joints. They have been
designed assuming a q-factor equal to 3. In the portal frame, the columns have a 240×700mm
cross-section, while the beam has a double section of 120×700mm, with an applied gravity load of
9.4 kN/m. The fundamental vibration period is 0.45 s.

The portal frame hosts two dowel-type joints made with 10 tubes, placed with a radius of 220mm
from the centre of rotation, for a bending moment capacity of 292 kNm.

The five-storey, three-bay frame has the same glulam sections used for the portal frame, with a
gravity load applied in the seismic combination of 30.3 kN/m on floors and 5.3 kN/m on roof. Its
fundamental vibration period is 0.27 s.

Figure 17. Portal (a) and five-storey, three-bay (b) frames, units in centimetres.

Figure 18. Results of pushover analyses for portal frame (left) and five-storey, three-bay frame (right), units
in kilonewtons and millimetres.
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The moment capacity of the 10-tube joints employed is 195 kNm, with a distance from the rotation
centre of 213mm. Such values have been obtained by hand calculations, as suggested by Leijten [2],
and the cyclic behaviour has been taken from the experimental tests presented before.

Both frames are simply supported at their base. Before running the IDAs, a pushover analysis has
been carried out on both frame assemblies with the aim to assess their load-carrying capacity. For the
portal frame, after the gravity load is applied, a non-linear static analysis is performed, resulting in
the capacity curve showed in Figure 18(a), with a maximum lateral load-carrying capacity of
95 kN. For the five-storey, three-bay frame, two lateral loads distributions have been used, one
proportional to the floor masses and another proportional to the product of the floor masses by the
storey heights. An average lateral load-carrying capacity in terms of base shear of 800 kN has been
found, as displayed in Figure 18(b). On these curves, the damage limit state (DLS) and the
collapse limit state (CLS) have been marked, which correspond to the attainment of the yield
rotation and of the ultimate rotation in the first rotational spring, respectively. For such types of
joints, yield rotation is generally low, because of the stiffness contribution of the DVW layers. For
this reason, the interstorey drift limits for DLS given by the various design codes, such as FEMA-
450 [23], are always complied with. Regarding the CLS, the ultimate rotations found in the
experimental tests (Table 6) are much larger (more than 62mrad vs 50mrad) than the drift limits
given by some design codes such as FEMA for CLS.

In order to perform an IDA, two sets of seven-recorded ground motions with their average elastic
spectrum consistent in acceleration with a given design spectrum have been selected using the
REXEL v3.5 software developed by Iervolino et al. [24]. The elastic design spectra used as a
reference and evaluated according to Eurocode 8 [13] for Gemona, Italy, and Loppersum, the
Netherlands, have been used as a base for selection. In both cases, it was assumed soil class type A.
The upper and lower tolerances applied within the software REXEL are 10% in the period range from
0.1 to 2.0 s. For Gemona elastic spectrum, the seven natural records were taken from the Italian
Accelerometric data base [25, 26], and a scale factor for accelerations less than 4 was applied. For
Loppersum elastic spectrum, which has a PGA of 0.42 g, records were selected from the European
Strong-motion Database [27], and the maximum scale factor was around 4.5. All the elastic spectra
are displayed in Figure 19.

Incremental dynamic analyses have been performed using both seismic record sets, leading to the
results displayed in Figure 20 in terms of q-factors versus PGA in m/s2. The attainments of DLS
and CLS have been marked for each curve presented.

As can be seen, the obtained values are scattered, because of the high influence of the frequency
contents of the selected records on the analysed structures. This can be observed particularly in the
five-storey, three-bay frame, where a maximum q factor of 31.9 has been computed, while for the
portal frame, the values are less scattered. All the results are summarised in Table 7, from which the

Figure 19. Spectra of the natural records selected to be consistent in acceleration with Gemona design spec-
trum, Italy (left) and with Loppersum, the Netherlands (right) and their average (in blue line), screenshots

from REXEL v3.5 [24].
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minimum behaviour factors of 3 and 6 can be assumed for the design of the portal frame and of the
five-storey, three-bay frame, respectively. It should be noticed that the current version of Eurocode 8
prescribes a maximum value of the behaviour factor of 4 for hyperstatic portal frames with high-

Figure 20. Behaviour factors versus PGA, in m/s2, for the portal frame (a) and the five-storey, three-bay
frame (b).

Table VII. Summary of the behaviour factors q obtained from incremental dynamic analyses.

Elastic spectrum

Portal frame Five-storey, three-bay frame

Mean Min. Max. Mean Min. Max.

Loppersum 4.8 3.2 6.9 15.2 8.6 25.7
Gemona 6.1 3.1 8.8 22.1 6.3 31.9
Average q-factor 5.4 3.15 7.85 18.7 7.45 28.8
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dissipative joints. Based on the analyses carried out, such a value may be too high for portal frame and
too conservative for multi-storey, multi-bay frames.

7. CONCLUSIONS

In this paper, the experimental programme carried out at Eindhoven University of Technology for
investigating the cyclic behaviour of DVW-reinforced joints with expanded tube fasteners has been
presented and critically discussed. Several specimens with different numbers and diameters of
fasteners have been tested. Such a type of connection is particularly suitable for use in earthquake-
prone areas because of its high-ductility ratio and energy dissipation capacity. The conducted
experiments showed that high EVDR in the range 0.25 to 0.35 and large ductility ratios in the range
6 to 14 can be obtained for the connections with 18- and 35-mm-diameter tubes, respectively.
According to Eurocode 8, the proposed connections can be classified as highly dissipative.

With the aim to investigate the seismic behaviour of entire moment-transmitting frames and to
compute their behaviour factors, a portal frame and a five-storey, three-bay frame with DVW-
reinforced joints have been first designed and then analysed under seismic actions.

High q-factors have been found: the minimum value is 3 and 6 for the portal frame and five-storey,
three-bay frame, respectively. Such values are different from the value of 4 prescribed by Eurocode 8
for hyperstatic portal frames with highly dissipative connections. The presented analyses confirm the
excellent ductile and dissipative behaviour of the dowel-type connections strengthened with DVW
plates, making this technology very suitable for its use in seismic areas. The high q-factor values
found are the direct consequence of the high ductility of the joints, which can undergo large
rotations. Structural damage is limited thanks to the DWV layers, which allow the connection to
concentrate all the damage on the steel dowels. At the end of the seismic event, the steel dowel can
be replaced after recentering the connection. On the other hand, non-structural damage due to the
large displacement achieved has to be limited or avoided with proper design considerations
depending upon the type of partitions used and the destination of the building. For these reasons,
from the damage mitigation standpoint, high q-factors might be carefully employed in structural
design. In practical applications, the minimum q-factors found in this work can be used, carefully
considering the damage in the rest of the structure (both in structural and non-structural
components) by simply evaluating the rotation of joints at the chosen ductility level.

To draw final conclusions on the behaviour factor, different types of plane multi-storey, multi-bay
frames will be analysed by varying the number of bays and storey involved in the simulation, with
the aim to generalise the results found in this work. Furthermore, also three-dimensional frame
structures will be analysed.
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