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ABSTRACT

Experimental investigation on the pull-out behaviour, including the withdrawal capacity, slip stiffness and inter-
facial shear stress, of axially loaded screwed-in threaded rod embedded in cross laminated timber (CLT) was con-
ducted. Specimens with varying embedment length and different number of threaded rods were tested in this
study. To prevent premature splitting failure of timber, some specimens were reinforced in the direction perpen-
dicular to the timber grain with self-tapping screws. Test results showed that the screwed-in threaded rod con-
nections exhibited good pull-out behaviour with high withdrawal capacity and slip stiffness. Within a certain
range, the withdrawal capacity increases considerably with the increase of embedment length, while the average
interfacial shear stress shows the opposite tendency. The self-tapping screws played an important role on reducing
the splitting of the timber and improving the withdrawal capacity and slip stiffness of the screwed-in threaded
rod. Additionally, for the specimens with self-tapping screw reinforcements, the improvement of withdrawal
capacity and stiffness when increasing the number of threaded rods are much more obvious than that of the speci-
mens without the self-tapping screws, due to the change of failure modes.
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1 Introduction

Dowel-type connections are the most common type of connection in timber structures [1]. A large
amount of research and engineering applications have been carried out in the past decades. However, the
load-carrying capacity and stiffness of dowel-type connections are limited by the embedment behaviours
of wood as well as the bending performance of the fasteners [2,3]. As compared to dowel-type
connections, connections with axially-loaded rods (either glued-in rods or screwed-in rods) show
remarkable higher withdrawal capacity and stiffness [3–5]. Since 1980s, a great deal of research have
been performed on glued-in rod connections for timber structures [6–13]. Nevertheless, the gluing quality
control on-site or even in the factory is a potential problem for connections with glued-in rods. Also, the
evaluation on durability behaviour of glued-in rod connections is still inadequate till now.
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In a certain sense, screwed-in rod connections can be a reliable alternative to bolts connections and
glued-in rod connections [3–5]. It shows the advantage of higher strength, less brittle and high degree of
pre-fabrication for screwed-in rod connections as compared to glued-in rod connections as well as
traditional dowel-type ones. In recent years, increasing number of research have been conducted in
withdrawal properties of connections with self-tapping screws, which focused on experimental [14–17]
and theoretical work [18–20]. All of these research showed good results in the aspect of both structural
and economic performance. However, the self-tapping screw, featuring diameters up to 14 mm and
lengths up to 1000 mm, has its geometric limits. Encouragingly, these geometric limits have been
overcome by the innovation of the threaded rod, which allows the diameter even larger than 20 mm and
the length greater than 3000 mm [3–5].

Increasing number of research have been carried out on the connections with screwed-in threaded rods in
glulam structures, especially for the withdrawal behaviours. Early in 2006, Nakatani et al. [21] developed a
moment-resisting joint system using screwed-in threaded rods (lagscrewbolt) and showed good performance.
Stamatopoulos et al. [3–5,22,23] evaluated the withdrawal capacity and stiffness of threaded rods screwed-in
glulam timber through experimental, numerical and theoretical methods. The parameters include embedment
length and rod-to-grain angles. Jensen et al. [19,20] presented a model based on non-linear fracture
mechanics to estimate the withdrawal capacity of screws embedded in glulam. Mori et al. [24] focused on
the performance of semirigid timber frame with screwed-in threaded rods by experimental, analytical and
numerical method. Both the analytical and numerical model showed good agreement with the
experimental results. Based on the previous research work such as Nakatani et al. [21] and Mori et al.
[24], Komatsu et al. [25] put forward a hybrid moment-resisting joint system which combined screwed-in
threaded rods and slotted bolted connection. Thereby the hybrid joint features high initial stiffness, good
yielding capacity and considerable ductility.

In recent years, several research were also presented on the connections with threaded rods screwed-in
CLT elements. Mori et al. [26] evaluated the influence of the loading direction and the edge distance on the
withdrawal properties. Nakatani et al. [27] discussed the effect of edge distance, embedment length and grain
direction on the pull-out strength and stiffness. However, it is necessary for more research work on this issue.

To evaluate the withdrawal properties of axially loaded screwed-in threaded rods embedded in CLT
elements, a series of experimental work has been conducted in the present work. The embedment length,
number of rods, and with or without self-tapping screw reinforcements were taken into consideration as
the variables. A comprehensive discussion on the influence of each parameter on the withdrawal capacity,
slip stiffness and interfacial shear stress, were presented.

2 Materials and Methods

2.1 Timber
The 3-ply cross laminated timber (CLT) panels were made from European spruce lumbers. The

experimental mean value of physical and mechanical properties for the full sized lumbers are shown in
Tab. 1. The dimensions of the CLT elements are 1440 mm (length) × 380 mm (width) × 105 mm
(thickness) with a layer thickness of 35 mm.

Table 1: The physical and mechanical properties of the lumbers

Material Density
(g/cm3)

Moisture
content (%)

Tensile strength parallel
to grain (MPa)

Compression strength
parallel to grain (MPa)

Elastic
modulus
(MPa)

European
spruce

0.452 14.6 37.4 27.6 11010
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2.2 Steel
2.2.1 Threaded Rods

The characteristic yield strength fy of the threaded rods is 800 MPa, which is provided by the
manufacturer. The outer and root thread diameter of the rods are 20 mm and 15 mm, respectively. And
the embedment length of the rods are 200 mm, 300 mm, 400 mm, and 500 mm, respectively. The
threaded rods were embedded into the predrilled hole of CLT specimens by using a torque wrench. To
match the torque wrench and nut, the screwed-in part at the extended end of the rods was processed into
square head and followed bolted thread part, as shown in Fig. 1.

2.2.2 Self-Tapping Screws
Self-tapping screws named of VGZ7100 (with the diameter of 7 mm and length of 100 mm) were used

as the reinforcement perpendicular to the timber grain around the screwed-in threaded rods to avoid
premature splitting failure of the timber in some specimens. The characteristic yield strength fy of the
screws is 1000 MPa, which is provided by the manufacturer.

2.3 Details of the Specimens
The test series were divided into ten subgroups of three specimens each, as shown in Tab. 2. The primary

test parameters include the embedment length, the rod number and with or without the reinforcements.

Figure 1: Geometry of the threaded rods

Table 2: The parameters of specimens

Subgroupa Number of
replicates

Embedment
length (mm)

Number
of rods

Details of CLT
specimensb

CN1L200 3 200 1

CSN1L200 3

CN1L300 3 300 1

CSN1L300 3

CN1L400 3 400 1

CSN1L400 3

(Continued)
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To reduce potential risk of timber splitting failure, the self-taping screws with the spacing of 50 mmwere
screwed in perpendicular to the grain of the CLT specimens CSN1L200, CSN1L300, CSN1L400,
CSN1L500 and CSN2L400, and the configuration of the reinforcing screws are shown in Fig. 2. The
spacing and the end distance were designed as 50 mm and 25 mm, respectively.

2.4 Equipment and Experimental Procedure
In order to sufficiently simulate the use of threaded rods in CLT shear wall, a special loading device was

designed to transfer the pull-out load against the horizontal load, as shown in Fig. 3. The specimen was
anchored on the device with the threaded rod by using the bolted thread part. Also, steel plates were
connected on both side of the specimens by bolts.

The withdrawal load applied on the threaded rods(F) can be calculated by the mechanical equilibrium
condition, as shown in Eq. (1).

F ¼ Fada
l0

(1)

where, Fa is the load obtained from the actuator; l0 is the distance from the load center to the rotation center,
as shown in Fig. 4, which is 1326 mm in this study; da is the distance from the rods center to the rotation
center, as shown in Fig. 4, which is 221 mm in this work.

Table 2 (continued).

Subgroupa Number of
replicates

Embedment
length (mm)

Number
of rods

Details of CLT
specimensb

CN1L500 3 500 1

CSN1L500 3

CN2L400 3 400 2

CSN2L400 3

Note: aC means CLT; Nimeans number of the threaded rods; L means embedment length; S means specimens with self-tapping screw reinforcements.
bLc is the length of the CLT specimens; Hc denotes the section height of the CLT specimens; Dc is the section width of the CLT specimens.

Figure 2: The layout of self-tapping screws in CLT specimens
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The loading and measuring devices are illustrated in Fig. 4. Two Linear Variable Displacement
Transformers (LVDTs) named “P1” and “P2” were installed at the side of the specimens to measure the
relative angle, while the LVDTs “P3” and “P4” were set to measure the relative slip between the threaded
rods and the timber elements. The loading rate of the horizontal actuator was set as 12 mm/min during
the test, equaling to the withdrawal load of approximately 2 mm/min on the threaded rods, according to
ASTM D1761 [28].

Then the average interfacial shear stress (τ) can be determined as follows:

s ¼ Fmax

pdbla
(2)

where, Fmax is the maximum load born on the threaded rods, which can be calculated by Eq. (1); db is the
diameter of self-tapping tapping bar, and la is the embedment length.

3 Experimental Results

3.1 Failure Modes
At the early loading stage, no visible slip occurred between CLT elements and the screwed-in threaded

rods. With the increase of the applied load, the slip developed generally and then became notable. Finally, the
following three typical failure modes was obtained, as shown in Fig. 5.

Figure 4: Loading and measuring device

Figure 3: Test set-up (a) Full view of the test set-up (b) Schematic diagram of the anchorage device
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Mode 1: Splitting of timber (see Fig. 5a). This failure mode occurred in most of the specimens without
the self-tapping screw reinforcement, in which includes the subgroups CN1L200, CN1L300, CN1L400,
CN1L500, and CN2L400. This is due to the high stress level perpendicular to the timber grain as a result
of the relatively large deformation in the later loading stage.

Mode 2: Rolling shear failure of timber (see Fig. 5b). It occurred on the specimens with short
embedment length and with self-tapping screw reinforcement (e.g., subgroups CSN1L200 and
CSN1L300). Although the rolling shear appeared, the specimens can still bear a high load result from the
restriction of the adjacent laminar and the reinforcement of the self-tapping screws. It demonstrates that
the presence of self-tapping screws can prevent the splitting failure of timber to a considerable extent.
However, due to the short embedment length, the threaded rods tend to pull-out from the CLT specimens,
resulting in the rolling shear failure of the timber.

Mode 3: Yielding or fracture of the threaded rods (see Fig. 5c). This type of failure occurred in the
specimens with the self-tapping screw reinforcement and the threaded rods with larger embedment length
(e.g., subgroups CSN1L400, CSN1L500, and CSN2L400). Additionally, no obvious damage was found
on the CLT elements. It indicates that with large embedment length of threaded rods and adequate
reinforcement of self-tapping screws, the withdrawal capacity of the rod and the shearing capacity of the
timber at the edge region were all highly strengthened. Thereby, the weak point transferred to the
threaded rods, exhibiting the yield or even fracture behaviour of the rods at the peak load.

3.2 Load–Slip Curves
The pull-out load-slip curves of the test specimens are shown in Fig. 6, which can be divided into four

stages, including the non-slip stage, linear elastic stage, non-linear stage and descent stage. Also it can be
seen from the figure that most of the specimens present obvious ductile behaviour. For the specimens
with large embedment length of threaded rods and adequate reinforcement of self-tapping screws,
although the curves drop sharply when reach to the peak load, the failure can also be seen as ductile ones
due to its considerable slip.

Based on the test results, the withdrawal capacity and average interfacial shear stress(τ) can be calculated
according to Eqs. (1) and (2), respectively. Additionally, as illustrated in Fig. 6, there are four stages for the
load-slip curves, in which no obvious slip occurs at the first one. Consequently, the slip stiffness presented
herein can be derived from the linear elastic stage of the load-slip curves, as shown in Fig. 7 and Eq. (3).

ks ¼ F0:4

s0:4
¼ 0:4ðFmax � F0Þ

s0:4
(3)

where, F0 is the load at the occurring of slip; s0.4 is the slip at the load level of F0.4.

Figure 5: Typical failure modes of the specimens (a) Mode 1 (b) Mode 2 (c) Mode 3
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The main test results regarding to the withdrawal resistance(Fmax), average interfacial shear stress(τ) and
slip stiffness(ks) of the specimens calculated according to Eqs. (1)–(3) are listed in Tab. 3.

Figure 6: Load-Slip curves of the specimens (a) CN1L200 and CSN1L200 (b) CN1L300 and CSN1L300
(c) CN1L400 and CSN1L400 (d) CN1L500 and CSN1L500 (e) CN2L400 and CSN2L400
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s0.4

Fpeak
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F0.4 = 0.4(Fpeak - F0)F0.4

O

Figure 7: Characteristic points of load-slip curves

Table 3: Main test results of the specimens

Subgroup Specimen
No.

Fmax(kN) τ (MPa) ks (kN/mm) Failure
modes

Test
value

Average
value

Test
value

Average
value

Test
value

Average
value

CN1L200 1 77.3 75.8 8.2 8.0 21.1 23.8 1

2 73.7 7.8 23.7 1

3 76.5 8.1 26.6 1

CSN1L200 1 98.8 97.6
(28.8%) a

10.5 10.4
(30.0%) a

50.0 59.3
(149.2%) a

2

2 97.6 10.4 66.85 2

3 96.5 10.2 60.9 2

CN1L300 1 129.3 111.3 9.2 7.9 27.2 35.6 1

2 98.1 7.0 49.4 1

3 106.4 7.5 32.9 1

CSN1L300 1 126.2 130.9
(17.6%) a

8.9 9.3
(17.7%) a

17.3 65.1
(82.9%) a

2

2 126.0 8.9 80.8 2

3 140.5 10.0 97.2 2

CN1L400 1 95.0 116.2 5.0 6.2 35.6 30.1 1

2 126.2 6.7 24.4 1

3 127.4 6.8 30.3 1, 3

CSN1L400 1 136.2 135.8
(16.9%) a

7.2 7.2
(16.1%) a

72.4 89.1
(196.0%) a

3

2 138.1 7.3 127.4 3

3 133.2 7.1 67.4 3

CN1L500 1 93.6 125.8 4.0 5.4 102.6 55.5 1

2 145.5 6.2 53.5 1

3 138.3 5.9 30.5 1

CSN1L500 1 136.2 142.4
(13.2%) a

5.8 6.1
(13.0%) a

50.4 69.9
(26.0%) a

3

2 135.7 5.8 57.4 3

3 155.3 6.6 101.8 3
(Continued)
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3.3 Withdrawal Capacity
Based on the test results listed in Tab. 3, the comparisons on the withdrawal capacity of the specimens

are shown in Fig. 8. It can be seen from Fig. 8a that the pull-out capacity increases considerably as the
embedment length increased from 200 mm to 300 mm, in which increases by 34.1% for reinforced
specimens and 46.8% for unreinforced ones. Subsequently, there was a slight improvement when the
embedment length exceeds 300 mm. It is reasonable since the failure of the pull-out specimens turns
from timber shear failure into rod yielding or fracture failure. In addition, it was found that the
withdrawal capacity of the specimens with reinforcements was higher than those without reinforcements.
It was proved that the self-tapping screws can reduce the splitting failure of timber, and consequently
improve the pull-out resistance of the specimens.

As illustrated in Fig. 8b, when the number of rods increases from 1 to 2, the average pull-out capacity
increases by 57.3% for the specimens with reinforcement, while increases only 15.1% for the unreinforced
specimens. It shows that the pull-out capacity of screwed-in threaded rods in CLT elements is sensitive to the
rod number, especially for the reinforced specimens. It is considered that, for the specimens without self-
tapping screws, the withdrawal capacity mainly depends on the splitting resistance of timber. Therefore,
increasing the number of rods in this situation have limited benefit on the withdrawal capacity. However,

Table 3 (continued).

Subgroup Specimen
No.

Fmax(kN) τ (MPa) ks (kN/mm) Failure
modes

Test
value

Average
value

Test
value

Average
value

Test
value

Average
value

CN2L400 1 134.8 133.8 3.6 3.6 61.2 39.2 1

2 138.2 3.7 29.8 1

3 128.3 3.4 26.5 1

CSN2L400 1 215.3 213.6
(59.6%) a

5.7 5.7
(58.3%) a

98.6 101.3
(158.4%) a

2, 3

2 213.7 5.7 78.2 3

3 211.7 5.6 127.0 3
Note: a Values in the brackets mean the increment in percentage of the reinforced joints to that of unreinforced ones.

Figure 8: Comparison on the withdrawal capacity (a) Effect of embedment length (b) Effect of number
of rods
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when enhanced by the self-tapping screws, the withdrawal resistance is mainly determined by the strength of
the threaded rods. As a result, increasing the number of rods of reinforced specimens could significantly
increase the withdrawal capacity.

3.4 Interfacial Shear Stress
The comparisons in regard of the average interfacial shear stress (calculated according to Eq. [2])

between the specimens are plotted in Fig. 9.

According to Fig. 9, it could be found that the average interfacial shear stress decrease as the embedment
length or the rod number increase. Also, the average interfacial shear stress of the reinforced specimens are
higher than that of the specimens without the self-tapping screws. Similar with that mentioned before, the
reason is that the self-tapping screws can reduce the splitting behaviour of the timber and make more use
of the tension resistance of the threaded rods, consequently improving the ultimate withdrawal resistance
and average interfacial shear stress of the specimens.

3.5 Slip Stiffness
The comparisons in regard of the slip stiffness (calculated according to Eq. (3)) between the specimens

are shown in Fig. 10. It can be seen that before the rods reached the yielding or fracture length level, there is a
linear relationship between the slip stiffness and the embedment length. Also the number of rods has an
obvious effect on the slip stiffness. It should be noted that the self-tapping screw reinforcement present a
remarkable improvement on the slip stiffness. The improvement can reach 196%. Moreover, it seems that
the improvement will be higher while the number of rods become bigger.

Figure 9: Comparison on average interfacial shear stress (a) Effect of embedment length (b) Effect of
number of rods
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4 Conclusion

The pull-out behaviour of axially loaded screwed-in threaded rods embedded in CLT elements, with and
without self-tapping screw reinforcements, was studied by experimental study. The effects of embedment
length and number of threaded rods on the withdrawal capacity and slip stiffness were also evaluated.
The following main conclusions are drawn:

� The evaluated specimens in this work showed good pull-out behaviour in the respect of withdrawal
capacity, slip stiffness and interfacial shear stress, etc.

� The main failure modes of the test specimens include: 1) splitting of timber, 2) rolling shear failure of
timber, and 3) yielding or even fracture of the threaded rods.

� The pull-out capacity increases considerably when the embedment length increased from 200 mm to
300 mm, while it rises slowly when the embedment length exceeds 300 mm.

� The average interfacial shear stress will decrease as the embedment length or the rod number increases.

� The self-tapping screws played an important role in reducing or even preventing the splitting failure of
the timber, which can improve the ultimate pull-out resistance, average interfacial shear stress and slip
stiffness of the specimens.

� When increasing the number of the threaded rods, the improvement in regard of the withdrawal capacity
and stiffness of the specimens with self-tapping screw reinforcements are much more obvious than that
of the specimens without the self-tapping screws, owing to the change of failure modes.
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