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ABSTRACT

This article presents experimental results of steel-timber-steel (STS) joints loaded parallel to grain. Eight groups of
specimens were designed, and tensile tests were performed. The fastener types and fastener numbers were con-
sidered to evaluate the tensile strengths and ductility performances of the STS joints. The screws with 6 mm dia-
meter and the innovative steel-tubes with 18 mm diameter were adopted as connecting fasteners. The
experimental results were discussed in terms of yielding and ultimate strengths, slip stiffness, and ductility factors.
The ductility classification and failure mechanisms of each group of specimens were analyzed. It was demon-
strated that the STS joint with large diameter steel-tubes showed acceptable ductility, which was close to the duc-
tility of the STS joint with small diameter screws, thanks to the hollow structure of the steel-tube. The theoretical
strengths of various failure modes for the joints with small diameter screws or large diameter steel-tubes were
calculated and compared with the experimental results. The ductile performance of the STS joint was discussed
by comparing the theoretical strengths of various failure modes. The effective number of the STS joint with multi-
fasteners was also analyzed by considering the failure mechanisms in aspects of tensile strength and slip stiffness.
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1 Introduction

As the advantages of environmental protection, carbon sequestration, and the application of renewable
materials, timber structures gained significant development in recent decades, and showed a good
development prospect in the future. For all types of timber structural systems, timber joints are crucial to
the mechanical behaviors of timber structures. The dowel-type joints are commonly used in timber frame
structures, truss ones, and light wood frame construction. In past decades, many investigations about
dowel-type joints have been carried out. The European Yield Model (EYM), which was developed based
on the original research of Johansen [1], was cited by Eurocode 5 [2]. Also, many researchers extensively
studied the mechanical behaviors and failure mechanisms of dowel-type joints considering the angle to
the grain of timber [3—5]. The rotational performances of timber joints with dowel-type fasteners [6—8],
and the embedment, as well as withdrawal behaviors of the dowel-type joint [9—12], were widely
researched. These investigations greatly promoted the development of timber structures.
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With the development of glulam technology, timber buildings showed great application prospects in multi-
story and large-span construction areas. These developing tendencies put forward higher requirements for the
mechanical properties of timber joints. Therefore, the reliability and failure mechanism of timber joints have
received extensive attention [13].

EYMs introduce the typical ductile failure modes of timber joints, such as the embedment deformation
of timber and the bending of metal dowels [14]. However, with the increase in the number and diameter of
fasteners, the typical failure of dowel-type joints presented the characteristics of brittle failure. Quenneville
et al. [15,16] researched the brittle failure of bolted timber joints loaded parallel and perpendicular to grain,
and found that the 5th percentile ultimate load for the joints parallel to grain was 1.6 times that for the joints
perpendicular to grain, on the precondition of same cross-section, dowel diameter, and timber strength. Stahl
et al. [17] investigated the brittle failure of timber rivet joints, and found that the joint loaded parallel to grain
occurred plug failure when decreasing the distances between rivets or decreasing the timber end and edge
distances. It was also found that the STS joint loaded perpendicular to grain showed cracks extending
along the grain from the top rivet row. Zarnani et al. [18] proposed a stiffness-based approach to evaluate
the plug shear strength of timber rivet joints, and established the improved design procedure by
distinguishing brittle failure modes and ductile failure modes of timber rivet joints. It was demonstrated
that the improved procedure showed better predicting accuracies compared with the methods adopted by
Eurocode 5 [2] and Stahl et al. [17].

Based on the researches above, various brittle failure modes for timber joints with large diameter dowel-
type fasteners or small diameter screws were investigated. Jensen et al. [19] proposed a quasi-nonlinear
fracture mechanics model for the row shear failure of dowelled joints loaded parallel to grain by
considering the end distance and effective quantity of multiple fasteners in a row, and demonstrated its
good accuracy by comparing with the test results of timber joints with one row or two rows of bolts.
Meanwhile, Jensen et al. [20] found that the ultimate strength of the bolted connection was improved by
about 100% when the loaded timber end length increased to 6d (d =20 mm, the diameter of the bolt)
from 3d, and increased by about 12% when the edge width increased to 80 mm from 40 mm on the
precondition of 3d end length, and then presented the strength calculation method for the row shear
failure of a single fastener joint by simultaneously considering the shear strength parallel to grain and the
tensile strength perpendicular to grain. Schmid et al. [21] proposed a novelty calculation model for
splitting and row shear failure based on the fracture mechanics and energy release rate by considering the
end and edge distances, as well as the number and spacing of the dowels in a row. Wrzesniak et al. [22]
found the load-carrying capacity of the timber joints with one row of bolts increased by 83.2%, and the
failure modes turned to timber cross-section tensile failure from timber splitting when the end distance
increased to 70 mm from 30 mm. Jockwer et al. [23] investigated the reliability of dowel-type joints
combining the failure modes, and found that the brittle failure leads to a higher variability in load-
carrying capacity, when the ductile failure leads to a lower variability. It was suggested that the variability
could be reduced by applying the self-tapping screws to the loaded end of the timber joints. As to the
plug shear failure of dowel-type joints with small diameter fasteners (about no greater than 6 mm [24]),
Yurrita et al. [25] summarized the calculation models, which were proposed by Kangas et al. [26],
Johnsson et al. [27], Stachl et al. [17], and Zarnani et al. [18], respectively. They compared the above
models with the plug and block modes in Annex A of Eurocode 5 [2] and experimental results, and
found that the models in Annex A of Eurocode 5 showed the best accuracy.

As summarized above, the ductile and brittle failures for both small diameter and large diameter dowel-
type joints have been widely studied. However, several aspects need to be improved further. On the one hand,
the critical relationship between ductile failure and brittle failure need to be analyzed. On the other hand, the
brittle failures of dowel-type joints with small and large diameter fasteners were analyzed separately in most
available investigations. However, their brittle failures exhibit potential similar characteristics, such as timber
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splitting failure and timber block shear failure. Their critical brittle strength needs to be verified by the
existing models to evaluate the similarity of timber joints with small and large diameter fasteners. In
addition, the methods to reinforce large diameter dowel-type joints were proposed, including self-tapping
screw reinforcement [28,29], nail plate reinforcement [30], and glass fiber textile [31]. The ductility of the
dowel-type joints was also improved to different extents. In this article, the innovative hollow steel-tube
was adopted as the fastener aiming to improve the brittle failure of the STS joint with large diameter dowels.

This article presents the tensile tests performed on STS joints loaded parallel to grain. The small
diameter screws and large diameter steel-tubes were adopted to evaluate the failure modes of STS joints
with different diameter dowel-type fasteners. The tensile strength, slip stiffness, and ductile factors of the
STS joints with screws and steel-tube were discussed based on load-slip curves. By comparing the EYMs
with the various brittle failure strengths, the theoretical strengths to distinguish different failure modes
were analyzed. Experimental results demonstrated that, thanks to the adoption of the hollow structure, the
STS joint with steel-tubes showed the significant application to improve the ductility of the STS joints
with large diameter dowel-type fasteners.

2 Experimental Program

2.1 Materials

The timber used in this experimental programme was made of Douglas fir glulam from North America.
According to EN 408 [32], the average compression strength and elastic modulus of the timber parallel to
grain were tested as 29.6 MPa and 12270 N/mm?, respectively. The average tension strengths parallel and
perpendicular to grain were tested as 47.8 and 1.2 MPa, respectively. The moisture content of the timber
was tested as 15.8% in accordance with EN 13181-1 [33], and the corresponding average density was
tested as 511 kg/m’.

Hexagon head wood screws were used in the STS joints. The screws were manufactured in accordance
with DIN 571 [34]. As shown in Fig. 1, the nominal diameter and total length were 6 and 70 mm,
respectively. According to ASTM F1575-17 [35], the average maximum bending moment and ultimate
bending strength were tested as 7.9 x 10° N-mm and 219.3 MPa, respectively, on the precondition of the
30 mm supporting spacing. According to EN 1382 [36], the nail-holding ability parallel and perpendicular
to the grain were tested as 5.87 and 7.30 kN, respectively.
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Figure 1: Dimensions of the screw (dimensions in mm)

The steel-plate and steel-tube adopted in the STS joints were made of S235 steel. As shown in Fig. 2, the
diameter and wall thickness of the steel-tube were 18 and 4 mm, respectively. The average ultimate bending
moment and bending strength of the steel-tube were tested as 4.2 x 10° N-mm and 386.3 MPa, respectively,
by referring to ASTM F1575-17 [35]. According to ISO 6892 [37], the average yielding and ultimate tensile
strength of the steel-tube were tested as 340 and 411 MPa, respectively.

The embedment strength of the timber was determined according to ASTM D5764-97a [38]. As shown
in Fig. 3a, the full hole configuration was adopted considering the actual stress in STS joints. The cross-
section of the sample was 100 mm % 100 mm, while the length of the loaded end was 100 mm and the
length of the unloaded end was 90 mm. The load-displacement curves are shown in Fig. 3b. The average
yield load was determined as 28.1 kN by offsetting the proportional limit line by a deformation equal to
5% of the steel-tube diameter [38]. The average embedment strength of the timber was calculated as
15.6 MPa, and the embedment stiffness was 243.6 N/mm?.
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(a) The steel-plate for embedding strength tests

(b) Photograph of a steel-plate used for the STS joint

Figure 2: Steel-tube (dimensions in mm)
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Figure 3: Embedment strength tests using the steel-tube

2.2 Methodology

2.2.1 Design of STS Joint Specimens

The grouping and geometry dimensions of STS joint specimens are shown in Table 1 and Fig. 4,
respectively. As shown in Table 1, four groups of specimens were designed for the timber joints with
screws and steel-tubes. Six samples were prepared for each group. The specimen SPi (i=1, 2, 4, and 8)
means the steel-plate was connected to the timber block by i pairs of screws. Similarly, STi (i=1, 2, 3,
and 6) series specimens mean the steel-plate was connected to the timber block by i steel-tubes. The
diameter of the screw and steel-tube were 6 and 18 mm, respectively, which were considered as the small
and large diameter fasteners, respectively, referring to the existing investigations [24,25].

Table 1: Grouping of tensile tests for STS joints

Groups Fastener Specimen number
Type Size Number per steel-plate Row X line

SP1 Screw M6L70? 1 1x1 6

SP2 Screw M6L70 2 1x2 6

(Continued)
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Table 1 (continued)

Groups Fastener Specimen number
Type Size Number per steel-plate Row x line
SP4 Screw M6L70 4 2x2 6
SP8 Screw M6L70 8 2x4 6
ST1 Steel-tube ~ MI18x4> 1 1x1 6
ST2 Steel-tube M18 x 4 2 1x2 6
ST3 Steel-tube M18 x 4 3 1x3 6
ST6 Steel-tube M18 x 4 6 2x3 6

Note: ®M6L70 denotes that the diameter and length of the screw are 6 and 70 mm, respectively; ®M18 x 4 denotes the diameter and wall thickness of
the steel-tube are 18 and 4 mm, respectively.
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Figure 4: Dimensions of the half of STS joints with screws (SPi) and steel-tube fasteners (STi)
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The symmetrical tension specimens were designed. The diagram for the half of each STS joint is shown
in Fig. 4. The across-section of the timber block was 135 mm x 130 mm. The thickness of the steel-plate was
5 mm. The spacing perpendicular to grain between two rows was 64 mm, as shown in Figs. 4c, 4d, 4h. The
M6L70 screws were drilled into the timber without the predrilled hole. The predrilled hole for the steel-tube
was 19 mm in diameter. For the STS specimens with steel-tubes, a pair of nuts were used to work with the
steel-tubes so as to fasten the steel-plate to the timber. The pre-tightening forces were not recorded when
fabricating the ST series specimens. This is because the diameter of the predrilled hole (19 mm) was
larger than that of the steel-tube. It was estimated that pre-tightening force has a slight influence on the
load-carrying capacity of the ST series specimens.

2.2.2 Testing Methods

The testing device for tensile tests is shown in Fig. 5. Both the upper end and bottom end of the tested
specimens were measured during tests. Four linear voltage displacement transducers (LVDTs) were used to
record the interfacial relative slip between the steel-plate and the timber at each end. The interfacial relative
slip of the specimen at the upper end was determined as the average value of LVDTs P1~P4, while that of the
specimen at the bottom end was determined as the average value of LVDTs P5~P8. The tensile tests were
conducted under the displacement-control mode with a constant loading rate of 0.2 mm/min. The testing
load was determined as the force transmitted from the actuator, which was recorded by the control system
of the actuator. The specimens sustained the testing load until the specimens were broken.
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Figure 5: Tensile testing device

2.3 Experimental Results

2.3.1 Failure Modes

Fig. 6 shows the typical failure modes of the STS specimens with screws. Most SP series specimens
showed the screw yielding and the embedding failure of the timber, as shown in Figs. 6a, 6c, 6d. As
shown in Figs. 6b, 6e, some screws were pulled out from the timber, coupled with severe bending
deformation. As shown in Figs. 6¢c, 6d, the screws showed shear failure, which occurred at the conversion
surface between the circular part and the threaded part. With the increase in the number of screws, the SP
series specimens showed the evident splitting failure (SP8 specimens) of the timber as shown in Figs 6e,
6f, which was obviously distinct from other STS joint specimens with screws.
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(a) SP1-1, screw fracture
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Figure 6: Failure photographs of STS specimens with small diameter screws

Fig. 7 shows the typical failure modes of the STS specimens with steel-tubes. The ST series specimens
with steel-tubes also showed the steel-tube yielding, timber embedding failure, as well as timber splitting and
row shear failures. The steel-tube occurred plastic bending deformation and shear fracture, as shown in Figs.
7a, 7c. For the specimens with one or two steel-tubes, the timber occurred obvious splitting failure, as shown
in Figs. 7b, 7c. In Fig. 7d, specimen ST2-6 showed severe timber splitting, which was close to the row shear
failure of the timber. With the increase in the number of steel-tube, the timber embedding deformation
declined, as shown in Fig. 7e, coupled with the appearance of timber splitting failure. From Figs. 7f=7i,
ST specimens with 3 and 6 steel-tubes occurred the row shear failure of the timber. Some specimens were
characterized by the mixed failure mode, including the timber row shear failure among the spacing of the
steel-tubes and the timber splitting failure at the loaded end, such as the specimen ST3-2 shown in Fig. 7f.

2.3.2 Load-Slip Behaviors

The load-slip curves of the STS specimens with screws and steel-tubes are displayed in Figs. § and 9,
respectively. The local magnification portions of load-slip curves at the initial loading stage are also shown in
Figs. 8 and 9. The ‘-’ (i=1~6) at the curve label denotes the specimen number, while ‘U’ and ‘B’ mean the
measurement point at the upper end and bottom end of the specimen, respectively.
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(a) ST1-1, steel-tube shear  (b) ST1-4, timber splitting  (c) ST2-3, timber splitting
failure

1
(d) ST2-6, timber splitting ~ (¢) Embedding deformation (f) ST3-2, splitting and row
shear

ST6-6

(g) ST3-5, row shear failure (h) ST3-5, row shear at the (i) ST6-6, timber row shear
end

Figure 7: Failure photographs of STS specimens with large diameter steel-tubes

Analyzing Fig. 8, the following results are summarized: (i) The STS joint with screws showed an evident
initial elastic stage, the followed yielding stage caused by the screw bending and the timber embedding
deformation, as well as the secondary hardening stage caused by the ‘rope effect’ of the screws. (ii) As
shown in the local amplification curves, the load-slip curves show a slight non-slip zone at the initial slip
stage. In the non-slip zone, the maximum load per pair of screws is approximately 0.5~1.0 kN, which
was caused by the pre-tightening force when drilling the screw into the timber.
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Figure 8: Load-slip curves of STS joints with screws
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Compared with the ST series specimens, the curves of SP series ones shown in Fig. 9 displayed evident
differences in the following aspects: (i) Bigger non-slip zone can be observed for all ST specimens. In the
non-slip zone, the associated maximum load per steel-tube was approximately 5.0~10.0 kN. The pre-
tightening force transmitted from nuts caused the bigger non-slip zone. (ii) The ST series specimens
showed a rapid slip stage after the non-slip zone, which was caused by the gapping between the timber
and steel-tube after the failure of friction between the steel-plate and the timber. (iii) The load-slip curves
for ST series specimens showed the sudden fracture when the testing load reached the maximum value,
which is consistent with the failure modes of timber splitting failure and row shear failure shown in Fig. 7.

2.3.3 Strength and Slip Stiffness

The testing results are summarized in Table 2. The maximum testing load was determined as the ultimate
capacity (F,) of the specimen. The yield load Fy was determined according to EN 12512 [39]. K, and K|,
denote the slip stiffness of the joint at the serviceability limit state and ultimate state, respectively. By
referring to EN 26891 [40], the secant stiffness was adopted to determine the values of K, and K,
which were defined in Eqgs. (1) and (2), respectively. The similar simplified method to evaluate the slip
moduli of steel-to-timber joints was also adopted in the available research [41].

Table 2: Load-carrying capacity, relative slip, and slip stiffness of STS joints

Groups F, (kN) F, (kN) sy (mm) Sy (mm) Keer (kN/mm) K, (kN/mm)
SP1 8.6 (11.0%) 14.8 (19.7%) 2.5 (35.6%) 13.0 (54.1%) 4.1 (71.6%) 1.3 (35.5%)
SP2 19.3 (11.6%)  28.7 (6.7%) 2.5(43.7%) 9.4 (30.2%) 7.0 (35.3%) 3.2 (20.9%)
SP4 352 (16.9%) 57.4 (6.9%) 2.9 (56.6%) 10.2 (17.9%) 11.8 (40.2%) 4.7 (13.6%)
SP8 78.6 (25.7%)  113.7 (7.1%) 5.0 (84.6%) 10.8 (40.5%) 25.6 (64.1%) 11.0 (52.0%)
ST1 35.5 (9.8%) 65.1 (2.2%) 3.9 (21.5%) 129 (10.2%) 11.6 (29.7%) 4.4 (14.6%)
ST2 72.5 (11.1%)  114.9 (10.3%) 4.2 (27.9%) 10.2 (26.2%) 23.4(32.0%) 10.5 (17.0%)
ST3 102.9 (13.4%) 178.6 (7.8%) 4.1 21.1%) 11.5(15.6%) 30.8 (23.8%) 15.2 (27.0%)
ST6 220.8 (11.4%) 2969 (1.5%) 5.2 (22.4%) 10.7 (10.5%) 59.7 (11.4%) 35.3 (12.3%)

Note: The percentage values (%) in parentheses are coefficient of variation (CoV).

0.2F,
Kser = (1)
S0.4 — S0.2
AF,
K, = 24 @)
$0.8 — 50.4

where, 5.2, S0.4, and s g are the relative slip between the timber and the steel-plate at the load of 0.2F,, 0.4F,,
and 0.8F,, respectively.

Valuable conclusions can be obtained from Table 2: (i) The average ultimate bearing capacity of the
specimens with one pair of screws was 14.8 kN, while that of those with one steel-tube was 65.1 kN. (ii)
For both SP and ST series specimens, the ultimate bearing capacity F,, was basically proportional to the
number of fasteners. The ultimate bearing capacities of SP2, SP4, and SP8 are 1.9, 3.9, and 7.7 times that
of SP1, respectively. The yield load Fy also basically conforms to this rule. (iii) Compared with Fy, F\,
and s, the yield deformation s, showed higher values in CoV. This phenomenon may be caused by the
large individual differences in pre-tightening force levels. (iv) The K, of the specimens in group
ST1 reached to 11.6 kN/mm, which was equivalent to that of SP4 specimens with four pairs of screws.
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(v) For the STS joints with screws, the values of K, were about 32%~46% of those of K., due to the severe
yielding of small diameter screws. As comparisons, the values of K, were approximately 50% of those of K.,
for the STS joints with large diameter steel-tubes.

3 Discussions

3.1 Ductility Factors and Failure Modes

The ductility factors of the STS joint can be calculated by Eq. (3) according to EN 12512 [39]. The
calculation results of ductility factors are listed in Table 3. According to the report of Briihl et al. [42],
the ductility of timber structure joints can be classified as brittle (D<2), low ductility (2<D<4),
moderate ductility (4 <D <6), and high ductility (D> 6). The failure modes were also summarized in
Table 3. The abbreviations of failure modes in Table 3 are explained as follows, combined with the
graphic illustration in Fig. 10:

TE, serious timber embedding failure;

SY, screw yielding;

SF, shear failure of fasteners (screws or steel-tube);
TS, timber splitting failure;

TED, timber embedding deformation;

SP, plastic hinge of steel-tube;

TR, timber row shear failure.

Su

D=2 3)
Sy
Table 3: Ductility performance and failure modes

Groups D Classification Failure modes
SP1 5.87 Moderate ductility TE, SY, SF

SP2 4.40 Moderate ductility TE, SY, SF

SP4 4.37 Moderate ductility TE, SY, SF

SP8 3.59 Low ductile TE, SY, TS

ST1 3.88 Low ductile TED, TS, SP, SF
ST2 3.22 Low ductile TED, TS, SP, SF
ST3 3.39 Low ductile TED, TR, SP
ST6 2.79 Low ductile TED, TR, SP

As shown in Table 3, for both SP and ST series specimens, the ductility factor basically declined with the
increase of the fastener number. SP1 specimens were close to a critical value of high ductility failure (D > 6).
SP8 specimens were classified as low ductility, which was consistent with the appearance of timber splitting
failure. ST series specimens showed ductility factors ranging from 2 to 4, and were classified as low ductility.
It can be found that the ductility factors of ST1, ST2, and ST3 specimens are close to those of SP series
specimens. As shown in Fig. 7, the steel-tube showed obvious compressional deformation, which
increased the relative slip and improved the ductility of the STS joints with large diameter fasteners.
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Figure 10: Typical failure modes for STS joints

The mixed failure modes summarized in Table 3 also can be observed in Figs. 6 and 7. For the groups
classified as having low ductile failure, the specimens tested always showed the mixed failure modes of
ductile failure (TE, SY, and SP) and brittle failure (TS and TR). Apparently, before the specimens
occurred brittle failure, the ductility failure characteristics were also observed in the specimens. In
addition, Fig. 10 also depicted another two typical brittle failures, i.e., timber plug shear (TP) and timber
block shear (TB), which were not observed in the experimental programme, whereas they will also be
analyzed in Section 3.2.

3.2 Strength Models for Various Failure Modes

The load-carrying capacities with various failure modes were introduced in Eurocode 5 [2] based on the
EYMs (Chapter 8) and the timber shear failure (Annex A). The theoretical methods in EYMs are sufficient to
predict the strengths of various ductile failure modes for STS joints. However, the brittle failure modes have
become the research focus in recent years. Therefore, the available investigations explored the failure
strengths of possible brittle failure modes of STS joints, such as timber plug shear failure, block shear
failure, splitting failure, row shear failure, and timber tensile failure.

3.2.1 Fastener Shear Failure

The shear failure of the fastener was observed in both SP and ST series specimens. The shear strength of
the metal fastener can be estimated by Eq. (1). For the STS joint with steel-tubes, the hollow ratio should be
taken into consideration when calculating the cross-section of the steel-tube.

RO = As fs,s (4)

where, A, is the cross-section area of the fastener (mm), £, is the shear strength of the screws or steel-tube
(N/mm?).
3.2.2 Mixed Failures of Dowel Plastic Deformation and Timber Embedment

Based on the EYM method, the tensile strength of the joint with mixed failures can be calculated by
Eq. (5), in which the double plastic hinge model was considered. Yurrita et al. [43] found that the model

of EYM provided a conservative result by comparing with experimental results, and then proposed the
correction factor as shown in Eq. (6).

Fux

Rip =23/Myfid +

)
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Ry = 1.55R}g (6)

where, M, is the bending moment capacity of the metal fastener (N-mm), f;, is the embedment strength of the
timber parallel to grain (N/mm?), d is the diameter of the fastener (mm), F,, is the withdrawal capacity of the
fastener (N), which is ignored for the specimens connected with steel-tubes.

3.2.3 Timber Splitting Failure

The timber splitting failure was not considered in the Eurocode 5 [2]. In recent years, Jorissen [44] and
Jensen et al. [20] proposed splitting failure modes based on fracture energy. However, the calculation of the
two models above relies on the determination of the fracture energy parameter. Jockwer et al. [23] proposed
the calculation model for timber splitting failure based on the timber tensile strength perpendicular to the
grain. This model proposed by Jockwer et al. [23] only considered the end distance of the timber as
shown in Eq. (7).

1
Ryy = @tae fi90 (7

where, 7 is the thickness of the timber (mm), a. is the end distance of the splitting failure (mm), as shown in
Fig. 115 fro0 is the tensile strength of the timber perpendicular to grain (N/mm?>).

@- ow shear
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Figure 11: Symbols used for parametric calculation

Yurrita et al. [45] proposed a calculation method for the timber splitting failure mode of the STS joint
with one row of fasteners by considering the effective thickness and net length in splitting, as shown in

Eq. (8).

Ruy = 2.1(les + 2d)ter fio0 ®)
where, /¢ is the effective length of the potential splitting plane, which can be calculated by Eq. (9). t.¢ is the
effective thickness of the potential splitting plane. Yurrita et al. [46] provided the sufficient analysis based on
the elastic foundation model to determine the effective thickness. By referring to the work of Yurrita et al.
[46], the effective thicknesses f.r for the STS joint with small diameter screw and large diameter dowels
(steel-tube) were determined as 0.6¢ and 1.0z, respectively.
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leg = (n—1)ag + ae. + (n — 0.5)dy )

where, aq is the spacing distance between the fasteners (mm); a, is the end distance (mm), # is the number of
the fastener in a row, d is the diameter of the pre-drilling hole (mm). The diagram of the above parameters is
shown in Fig. 11.

3.2.4 Timber Row Shear Failure

The timber row shear failure was also not considered in the Eurocode 5 [2]. This failure mode mainly
occurred in the STS joint with large diameter dowels. Jorissen [44] proposed the strength model for the
timber row shear failure based on fracture mechanics. This model relies on the determination of the
fracture energy and friction angle, and shows certain limitations in applications. Therefore, Quenneville
[24] and Yurrita et al. [47] proposed the timber row shear strength model based on the shear strength of
the timber parallel to grain, which is shown in Eq. (10).

Ruy = 2ksLs fust (10)

where, k; is the coefficient considering the stress distribution, which was determined as 0.75 by Quenneville
[24] or by the equation of ik = 0.4 4 1.4, /EG—W0 suggested by Yurrita et al. [47], respectively. For the

convenience of calculation, the k;=0.75 was adopted in this study; L is the shear length of the timber
(mm), and can be calculated by Ly=(n—1) aq + ae; fws 1s the shear strength of the timber (N/mm?).

3.2.5 Timber Plug Shear and Block Shear Failure

The timber block shear and plug shear failures were described in Annex A of Eurocode 5 [2]. Also,
many improved calculation models were provided by considering different methods for the definition of
the potential failure planes [17,18,25]. In this article, due to the design of a symmetrical steel-timber-steel
configuration, only the potential block shear failure is considered in the theoretical analysis. Additionally,
the net tension failure, which was regarded as the typical brittle failure in available investigations [47,48],
was not considered due to the relatively large net width and thickness of the timber block in tensile
specimens. According to the Annex A of Eurocode 5 [2], the timber block shear strength of the STS joint
can be calculated as the maximum value between the head tension with the width of b, and the lateral
shear planes, as shown in Eq. (11).

1.54; fi0
RIV,E = max (1 1)
0.7Ls(by + 21) fys

where, 4,= bt is the effective area of the tensile plane (mm?); fro 1s the tensile strength of the timber parallel
to grain (kN/mm?).

Yurrita et al. [47] proposed a new design model for the timber block shear failure. Both the two lateral
shear planes and the tensile one were considered to provide the shear resistance. Therefore, the prediction
model can be expressed by Eq. (12),

Riyy = L5Lstfws + 1.254: fro (12)

3.3 Ductility Analysis Based on Tension Strengths

The comparisons between experimental results of tension strengths and predicted strengths of associated
failure modes are depicted in Fig. 12. It can be found the ductility behavior can be determined on the basis of
the theoretical prediction result of each potential failure mode, which agrees well with the actual failure
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modes observed in tensile tests. For the STS joints with small diameter screws, the main discussions are
summarized, as follows:

)

iii)

All groups of SP series specimens showed screw shear failure and timber embedment failure, as
shown in Fig. 6. However, the experimental strengths were significantly higher than the
theoretical strengths of failure modes Ry and R;. The interfacial friction and pre-tightening force
were ignored in Eqgs. (4), (5). In addition, the full-hole set-up was adopted in embedment tests as
shown in Fig. 3, which may underestimate the embedment strength of the timber due to the
bending of the steel-tube. These factors caused the theoretical strengths of Ry and R; to be
smaller than the experimental strengths.

The specimens in group SP8 also displayed the additional timber splitting failure in Fig. 6. The
experimental strength of group SP8 was between the theoretical results of failure modes Ry and
Ryy, which conforms to the experimental phenomena occurring in tensile tests, in which the
timber splitting failure and typical European yield models (timber embedment and screw
yielding) were observed as shown in Fig. 6. This result means that the ductility behavior of the
STS joints can be predicted by comparing the theoretical strengths of the timber splitting failure
and the joint ductile failures.

For the timber splitting failure of the STS joint with small diameter screws, the Ry; y model proposed
by Yurrita et al. [45] showed better accuracy than the Ry y model suggested by Jockwer et al. [23].
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Figure 12: Comparisons between experimental results and model prediction strengths
For the STS joints with large diameter steel-tubes, the main conclusions are summarized from Fig. 12b
as follows:

i) For ST1, ST2, and ST3 specimens, the experimental results of the tensile strength were between the
theoretical strengths of the timber splitting failure (Ryy) and steel-tube shear (R,) failure. These
failure modes were also observed in tensile tests shown in Figs. 7a—7d.

ii) The resistance of failure mode Ry is slightly bigger than that of failure mode Ry; y, which agrees well

with the timber embedment deformation extent by comparing ST1 and ST3 specimens shown in
Fig. 7e. Due to that the resistance of failure mode R; was bigger than that of failure mode Ry y
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for ST3 specimens, and its timber embedment deformation did not reach to the extreme deformation
state.

iii) The ST3 and ST6 specimens mainly exhibited the mixed failure of the timber splitting failure (Ry;y)
and row shear failure (Ryy;), while the experimental strengths were located at the theoretical strength
ranges between Ry y and Ry However, the row shear strengths are obviously bigger than the
experimental tensile strengths of ST3 and ST6. Therefore, the effective spacing (L) in Eq. (10)
may be overestimated.

iv) The timber block shear resistance of failure mode Ryyy was 847.7 kN, which was not shown in
Fig. 12b due to the bigger evaluation results than Ry calculated by Eq. (11). Therefore,
ST6 specimens did not occur block shear failure thanks to the sufficient timber block shear
strength compared with the resistances of timber splitting and row shear failures.

v) The shear strength of the steel dowel can be decreased by adopting hollow steel-tubes. The failure
modes can be effectively controlled by comparing the resistances of Ry and Ry y. Therefore, due to
the application of steel-tubes, the ductility performance of the STS joint with large diameter dowel-
type fasteners can be improved by optimizing the wall thickness of steel-tube.

It can be found from Fig. 12 that the STS joint may occur brittle failure while the timber splitting
strengths are smaller than the strengths of the typical ductile failure modes. The typical ductile failure
modes suggested in this study include the bending yielding (or shear) failure of the metal dowel and
EYM failure modes. In the meantime, the timber splitting, row shear, block shear, and tension failures
were listed as brittle failures. Therefore, the method to distinguish the ductile and brittle failures of the
STS joint with both small and large diameter dowel fasteners can be approximately determined based on
the strengths of each failure mode as shown in Eq. (13).

max {Ros, Rop, Rig, -} < min{Ry, Ru, R, -} (13)

-~ g
Ductile Brittle

where, Rys and Ry, are the shear and bending strengths of dowels, respectively; R; g includes all the potential
ductile failure of EYMs adopted in Chapter 8 in Eurocode 5 [2]; Ry, Ry, and Ryy are the strengths of timber
splitting, row shear, and block shear failures, respectively.

3.4 Group Effects for Strength and Slip Stiffness

For the steel-timber joints with multi-fasteners, the tensile strength of the joint may be smaller than the
sum of the resistance of each dowel. Therefore, Eurocode 5 [2] stipulates the effective number of fasteners, as
shown in Eq. (14) (bolts and dowels) and Eq. (15) (screws). As shown in Table 2, it can be found that with the
increase in the number of screws and steel-tubes, the total strength and slip stiffness increased
correspondingly. To evaluate the group effect on the mechanical behavior of the multi-dowels joint, the
average strength and stiffness per pair of screws or per steel-tube are plotted in Fig. 13.

n

Hef = MiN 209 2 44 (14)
13d

Nef = n’? (15)

With the increase of fastener number, the ultimate strength and initial stiffness of individual fasteners did
not show a regular tendency for both ST and SP series specimens. Most fluctuations in Fig. 13 were caused
by the material, processing, and assembly differences. However, for the ST6 specimens, due to the decline of
the ductility behavior and the appearance of severe timber row shear failure, the ultimate strength F, of a
single steel-tube declined. With the changing of ductility factors and failure modes, the effective number
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of fasteners declines, which is reflected in Eq. (14) by comparing aq with 13d. Therefore, the effective
number of fasteners is equal to their actual quantity for the joint evaluated as ductile failure. For the joint
occurring brittle failures, the calculation of the effective number of fasteners is unnecessary, and the
prediction of ultimate strength should turn to the calculation for the resistances of possible brittle failures.
In addition, the tensile stiffness per fastener at both serviceability limit and ultimate limit states were not
affected by group-dowels effect. The slip stiffness of the STS joint with dowel-type fasteners can be
solved by the beam theory of elastic foundation, which was affected by the timber foundation coefficient
and bending performances of the dowel [5].
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Figure 13: Average strength and stiffness per fastener

4 Conclusions

This article presents the experimental results of STS joints with small diameter screws and large
diameter steel-tubes. The experimental results were analyzed in terms of the tension strength, slip
stiffness, and failure modes. The failure mechanisms and ductility behaviors were discussed combined
with the tensile resistances of potential failure modes. Valuable conclusions are summarized as follows:

i) The tensile strengths of the STS with one pair of screws and one steel-tube were 14.8 and 65.1 kN,
respectively. All groups of STS specimens displayed the yielding or shear failure of the screw and
steel-tube, as well as the embedding failure of timber. The failure modes and ductility factors of the
STS joint with large diameter steel-tubes were similar to those with small diameter screws, thanks to
the application of hollow structure in steel-tube.

ii) The ductility factors of SP series specimens ranged from 3.59 to 5.87, while those of ST series
specimens ranged from 2.79 to 3.88. The ductility factors declined with the increase in the
quantity of fasteners. With the increase in the quantity of fasteners, the typical failure modes
turned to brittle failure modes, including timber splitting failure and row shear failure, from pure
ductile failure.

iii) The theoretical values for the tensile strengths of various failure modes were calculated. The
accuracy is verified by comparing it with the experimental values of tensile strengths of STS
joints. By comparing the tensile strengths of potential failure modes, the ductility behavior of the
STS joint can be predicted and divided into ductile failure modes and brittle failure modes.

iv) The slip stiffness per fastener was essentially the same for the STS joint with multi-fasteners. For the
joint feathered with ductile and splitting failures, the effective number of fasteners can be
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determined as the actual number of fasteners. However, the effective number of fasteners for the
joint with brittle failures was uncertain, and the tensile strength should be predicted based on the
brittle failure modes.

Further investigations will focus on the performance improvement of STS joints with various diameter
fasteners by self-tapping screw reinforcement, for the STS joints showing timber splitting failure and row
shear failure. The tensile strength, failure mechanisms, and ductility classification will be investigated
based on the tensile tests by considering the effects of self-tapping screw number and arrangement, as
well as the diameter of the fastener. In addition, the STS joints using steel-tubes show the significant
advantage in improving the ductility of the joints with large diameter fasteners. Therefore, the optimal
design of the ratio between the wall thickness and diameter for the joint using steel-tubes will be
investigated further.
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