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Abstract. The paper evaluates the disassembly capability and reuse potential of
steel-timber shear connections. Experiments involving double shear configura-
tions with coach screws of three diameters are detailed. Monotonic tests were first
performed for each configuration to evaluate the stiffness, strength, and ductility.
Counterparts were then tested under ten loading-unloading cycles, to 40% of the
capacity obtained from the monotonic tests, to evaluate stiffness degradation char-
acteristics, screw deformations, and cross-laminated timber (CLT) panel damage.
After disassembly and measurements, the specimens were reassembled and tested
up to failure. The measurements indicated that the secant stiffness enhances after
the first loading cycle and is then largely constant to the tenth cycle. After disas-
sembly, the screws had permanent deformations, and the timber panels indicated
limited damage during the cyclic loading. The reassembled specimens had similar
stiffness, strength, ductility, and failure modes as the monotonic test specimens.
Based on test measurements, both the steel profile and the CLT panels have full
structural reusability. The test results can be used as a measure for quantification
of the structural reuse potential through an index that can be incorporated into
established building circularity indicators.
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1 Introduction

To achieve established reduction targets by 2030 and net-zero by 2050, innovative build-
ing systems such as steel-timber hybrids (STH) are needed. Building structures incor-
porating timber have the potential to contribute to reducing embodied carbon by 60%,
storing sequestered carbon by up to 400% as well as can be designed for disassembly,
compared with conventional concrete structures [1]. Steel-timber and timber-concrete
solutions for multi-storey buildings highlighted the synergetic behaviour of the two
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materials [2]. Whilst timber-concrete hybrids were the subject of many studies, STH
systems, particularly for taller structures, were less investigated.

Recently built six-storey educational and ten-storey residential STH buildings high-
lighted the benefits of such systems for reduced construction time (offsite manufactur-
ing, design for assembly) and enhanced environmental sustainability (less embodied
carbon and potential for disassembly and reuse at the end of life) compared to other
composite or conventional building systems [3]. Steel-timber hybrid structures are con-
sidered lightweight systems suitable for prefabricated modular buildings [4] and consist
mainly of steel columns with steel or timber beams with CLT or LVL slabs [5, 6]. To
achieve composite action, steel-timber floor shear connections can be either dry, by using
mechanical fasteners, or wet, requiring the use of epoxy-based resins. The latter offers
enhanced initial bending stiffness, yet the ultimate behaviour is associated with brittle
failures compared to dry connections [7]. The use of wet connections may impair the
disassembly at the end of life, rendering them less circular.

Circularity is a systemic approach that aims to eliminate waste and optimise resource
utilisation. This is typically measured through indicators that provide information about
the extent to which resources are used efficiently, recycled, and kept within a closed loop.
Within the main principles of circularity in buildings, slowing the resource loops refers
to decelerating the resource flows by improving their utilisation and expanding their
valuable lifespan. This refers to design for durability, long life and life extension, for
adaptability and reversibility, reuse and repurpose. Dry shear connections in STH floors
align with these principles of circularity, enabling disassembly and reuse and repurpose
of the components with minimal or no loss of mechanical properties.

Experimental and numerical studies on conventional shear connections for STH
floors exist, focussing primarily on structural performance. These include screwed,
bolted, or grouted connections that were tested either under monotonic or cyclic loading
to failure. In line with circularity drivers, evaluation of the constructability and disassem-
bly and reuse potential is essential but has not been evaluated. This paper evaluates the
disassembly capability of screwed steel-timber shear connections, tested under in-service
cyclic loading, as well as the reassembly and structural reuse potential through testing.
The experiments involved double-shear configurations with coach screws. After describ-
ing the testing methods and the main results, a qualitative discussion of the disassembly
and reuse is undertaken.

2 Response of Steel-Timber Shear Connections

In steel timber shear connections, failure can typically occur by four governing modes.
As illustrated in Fig. 1, the mechanisms developing in the shear connections are through:
(1) screw shear failure when the shear resistance of the connector is relatively weak in
comparison with the timber element, (2) timber crushing with elastic behaviour of the
connector, with this response occurring when the connector is strong in relation to the
wood materials; and mixed-mode failures such as (3) with connector plastic hinging and
timber crushing, and (4) double hinging in the connector with timber crushing.

Tests on three types of self-tapping screws in STH shear connections exhibited
ductile failure mode with post-elastic bending deformation and CLT panel crushing
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[8]. Connections loaded perpendicular to the grain had higher strength, while those
loaded parallel had greater stiffness. Longer fasteners increased connection strength.
Closer spacing of fasteners decreased stiffness and connection strength. Push-off tests
showed increased shear capacitieswith inclined screwsbut decreased stiffness, compared
to perpendicularly installed screws [9]. The use of tapper washers increased stiffness
but also caused shear damage. Screws with long shanks were recommended for good
ductility, and multiple rows of screws resulted in decreased strength per connector.

Fig. 1. Failure modes in steel-timber shear connections with screws.

Dry connections made using coach screws in steel-CLT shear connections demon-
strated rather ductile behaviour [6]. Comparative wet connections had higher strengths
and stiffnesses, but an overall more brittle response due to panel separation or glue frac-
ture. Parallel to the grain, the load-slip responses were close to elastic-perfectly plastic,
while in the perpendicular direction, there was hardening due to timber densification.
The strength was higher perpendicular to the grain, but service stiffness was lower due
to the lower elastic modulus of timber in that direction. Quasi-static cyclic tests were
performed on steel-timber specimens with various types of shear connections, such as
vertical or inclined self-tapping screws, epoxy resins, and glued steel slotted plates,
among others [4]. As expected, dry connections with screws had lower strength and
stiffness compared to systems with slotted plates and epoxies.

3 Experimental Assessment

3.1 Materials

The engineered timber employed in this study was a Cross-Laminated Timber (CLT)
composed of three layers with a nominal thickness of 95 mm and a strength category
of C24 spruce lamellae (softwood). Each layer was orthogonal to the subsequent at a
90-degree angle. Each layer measured approximately 32 mm in thickness, and the layer
alignment was as follows: 32L/32 T/32L, where L indicates the longitudinal orientation
and T the transverse orientation. The outer layers were aligned so that the load is applied
in the direction parallel to the grain. For the push-out tests the CLT panels were 300
mm× 400 mm× 95 mm (width× height× thickness). Compression assessments were
performed parallel to the grain on five CLT samples with an average size of 150 mm ×
300 mm × 95 mm (width × height × thickness).

The specimens, shown in Fig. 2, were made up of two CLT panels that are linked to
the flanges on both sides of an S235 hot-rolled open section with a characteristic yield
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strength of 235 MPa. The dimensions of the profile were: section depth h = 161.8 mm,
section depth b = 154.4 mm, flange thickness of tf = 11.5 mm, and web thickness of
tw = 8.0 mm. To connect the CLT panels to the steel beam, coach screws with hexagon
head, made of hardened steel and complementary washers were used. The screws were
of 8 mm, 10 mm and 12 mm diameters, each respective diameter with 80 mm length,
grade 4.8, 340 MPa nominal yield strength and 420 MPa nominal ultimate strength.

Fig. 2. Details of the test specimens: a) schematic front view, b) top view, c) view of a test
specimen (legend: (1) CLT panel, (2) screws, (3) steel profile, (4) transducer, arrow indicates
reaction point).

3.2 Specimens

A total of twelve specimens were prepared for testing. These included six for the mono-
tonic test (M) and six for the reuse potential test (R). The former tests involved testing
to failure, whilst the later involved repeated cyclic loading, specimen disassembly and
measurements, reassembly with new screws and testing to failure. For each test, two
samples were used for each coach screw diameter to enable a comparison of the results.
The specimens were identified based on their respective screw diameters, resulting in
the specimen labels following the format X-Y-z, in which X is the loading protocol (X
=M, R for monotonic and reuse potential, respectively), Y is the screw diameter (Y =
8, 10, or 12 mm), and z is for the specimen sequence (z = a,b). For example, specimen
name R-12-b represents the case of the second specimen tested under the suggested
reuse potential protocol, which used 12 mm screws.

The CLT was available in the form of full-sized boards with varying dimensions,
which were cut in the workshop into 24 panels to the above-mentioned sizes. The sup-
porting edge of each panel was smoothened with a planer to prevent any instability and
to encourage uniform contact with the testing platform and eliminate any unequal load
distribution throughout testing. For consistency, a 60mmdistance between the axis of the
two screws was considered for all specimens. Transversely, 120 mm and longitudinally,
200 mm, were considered between the edge of the panel and the screws.
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Prior to assembly, holes of half the size of the corresponding net screwdiameterswere
predrilled in the timber panel to facilitate screw installation. The panels were attached to
the steel column flanges using two coach screw connectors, washers, and a torque tool,
as shown in Fig. 2. The torque tool was used to ensure the same level of tightness for
all samples. Washers were used to enhance the contact area of the connectors with the
panels, to ensure a smoother stress distribution at the connection. As seen in Fig. 2 the
connectors were completely integrated in the panels, leaving no exposed smooth shank
or inclination. The panels were orientated for the load to act out parallel to the grain
direction of the outer panel.

3.3 Testing Procedures

As mentioned above, twelve tests were carried out, equally divided into monotonic tests
to failure (M) and reuse potential tests (R), as shown in Fig. 3. The tests were carried
out to understand the overall response, the disassembly capability and structural reuse
potential. For this, a 1MN Avery Instron testing machine with a ball seating was used.
The latter had the purpose to prevent development of any out-of-plane deformation that
would induce bending moment in the connection. In the monotonic tests (M), and the
post-reassembly phase of the reuse potential tests (R) a displacement rate of 1 mm/min
was applied before deviation of linearity in the load-slip (F-δ) curve. This rate was then
increased to 5 mm/min to failure. The F-δ curves and main structural parameters were
recorded during the tests by the machine and additional transducers.

For the reuse potential tests (R), the average maximum strength of the corresponding
monotonic tests (M)was used. The specimenswere subjected to cycles starting from zero
to 40%of the result obtained from themonotonic test. This complete cycle of loading and
unloading was conducted ten times consecutively. After completion of the ten cycles, the
specimenwas removed from the testing rig and disassembled. The specimenwas secured
to prevent any movement during the disassembly process using clamps or vice grips.
The screws were then loosened with a wrench due to limited accessibility. For deeper
steel sections, electrical screwdrivers or similar tools can be used. Once the screws were
sufficiently loosened, these were removed carefully to prevent any potential damage to
the CLT panel or the steel sections. The damage length occurred in the timber panel
was then measured with a ruler. Finally, the steel and timber elements were inspected
separately for any visible damage.

New screws were installed into the pre-existing holes of the same specimen to eval-
uate the residual properties of the connection post-disassembly. After reassembly, as
noted, the same procedure as for monotonic tests was applied. The load and slip were
recorded by the machine and the additional transducer by a data logger. These data per-
mit the evaluation of the main residual mechanical properties such as stiffness, strength,
and ductility of the connection. In direct correlation with the monotonic tests, these give
an indication of the structural reuse potential of the investigated connections.
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Fig. 3. Loading procedures: a) monotonic tests, b) reuse potential tests.

4 Test Results

Tables 1 and 2 and Figs. 4, 5, 6, 7 and 8 depict the main test results from the monotonic
and the reuse potential tests. These include load-slip (F-δ) curves, failure kinematics,
and the main response parameters. These are the secant stiffness at 40% (k0.4) and 60%
(k0.6) of maximum capacity (Fmax), the yield load (Fy), slip at yield (δy), ultimate slip
(δu) corresponding to either slip at failure or 20% decrease from Fmax, and a slip ductility
ratio (μδ = δu/δy). Additionally, for the reuse potential tests, kI,0.4, kI,0.4’, corresponding
to the secant stiffness at 40% Fmax for the first cycle, the tenth cycle prior to disassembly,
respectively, parameters kII,0.4 and kII,0.6 for the reassembled case are also reported.

4.1 Monotonic Tests

Figure 4 show the F-δ curves for the tested specimens. The M-8 specimens experienced
failure without demonstrating any hardening. The secant stiffness k0.4 and k0.6 varied
between 2.85–3.00 kN/mm. Specimen M-8-1 exhibited a yield strength Fy of 19.1 kN,
and a corresponding slip δy of 6.5 mm, while its peak strength Fmax reached 26.6 kN
with an ultimate slip δu of 13.8 mm. Specimen M-8-2 exhibited an Fy of 21.4 kN and a
δy of 8.8 mm, an Fmax of 28.2 kN with a δu of 15.1 mm.

The results obtained from the experiment indicated that the average yield and ulti-
mate capacities were 20.3 kN and 27.4 kN, respectively. Additionally, the average yield
and ultimate slips were found to be 6.46 mm and 15.4 mm, respectively. The screws
experienced a brittle mode of failure in both specimens, with the connectors breaking
at the interface between the smooth and the threaded shank. The occurrence of panel
crushing or splitting was minimal. The observed failure mode indicates that the response
was governed by the strength of the connectors, rather than the timber.

The M-10 specimens demonstrated ductility, evidenced by the plastic hinges in the
screws. Their secant stiffness k0.4 and k0.6 varied between 3.41–6.08 kN/mm. For spec-
imen M-10-1, Fy was 33.2 kN, δy was 5.9 mm. Its Fmax was 40.5 kN, and δu 24.8 mm.
Its counterpart, SpecimenM-10-2 had a Fy of 26.0 kN, a δy 7.5 mm and reached an Fmax
of 31.7 kN with a δu of 21.5 mm. On average, the specimens exhibited average Fy and
Fmax of 29.6 kN and 36.1 kN, respectively.
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Fig. 4. Load-slip curves from monotonic tests for Specimens: a) M-8, b) M-10, c) M-12; d) the
relationship between the screw diameter and stiffness and strengths.

The average δy and δu were 6.7 and 23.2mm, respectively. From the load-slip curves,
it was evident that the connections exhibited an elastic-plastic behaviour, undergoing
plastic deformation up to the point of failure. All screws had a plastic hinge indicating
ductile forms of failure. For M-10-1 there was a notable timber compression where the
split measured 17 mm from the initial screw axis to its ultimate position prior to failure.

TheM-12 connections also exhibited a ductile response. Their secant stiffness varied
between5.28–8.87kN/mm.ForSpecimenM-12-1, theFy was 42.0 kNwith an associated
δy of 4.1 mm, while its Fmax reached 67.2 kN at a δu of 34.4 mm. Meanwhile, Specimen
M-12-2 presented an Fy of 42.0 kN at a δu of 4.1 mm, an Fmax of 58.3 kN at a δu of
38.0 mm. The average Fy and Fmax were 44.2 kN and 62.7 kN, respectively, whilst the
average δy and δu were 6.5 mm and 36.2 mm, respectively.

As indicated by the F-δ relationships, the specimens predominantly exhibited an
elastic-plastic behaviour. This is consistent with the test observations indicating the
development of plastic hinge in the screws that remained embedded in the panel upon
failure, which was more visible than that shown in the other tests. Comparatively to M-8
and M-10, more evident timber crushing occurred for these specimens. From Fig. 4d
and Table 1 it is also shown that stiffness (k0.4 and k0.6), strengths (Fy and Fmax), and
slip ductility ratio (μδ) increase with screw diameter. Note that the bolded numbers in
Table 1 and 2 represent the average values from two tests, followed by the standard
deviation.
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Table 1. Results from the monotonic tests.

Specimen k0.4 (kN/mm) k0.6 (kN/mm) Fy (kN) Fmax (kN) δy (mm) δu (mm) μδ (-)

M-8-1 2.85 2.92 19.10 26.62 6.50 13.77 2.12

M-8-2 2.94 3.08 21.40 28.20 6.80 15.10 2.22

M-8 2.89 ± 0.06 3.00 ± 0.11 20.25 ± 1.63 27.41 ± 1.12 6.65 ± 0.21 14.44 ± 0.94 2.17 ± 0.07

M-10-1 6.08 5.39 33.20 40.51 5.90 24.80 4.20

M-10-2 3.57 3.41 26.00 31.68 7.50 21.50 2.87

M-10 4.83 ± 1.77 4.40 ± 1.40 29.60 ± 5.09 36.10 ± 6.24 6.70 ± 1.13 23.15 ± 2.33 3.54 ± 0.95

M-12-1 8.87 6.84 42.00 67.17 4.10 34.40 9.20

M-12-2 5.28 5.33 46.40 58.30 8.90 38.00 4.27

M-12 7.07 ± 2.54 6.08 ± 1.07 44.20 ± 3.11 62.74 ± 6.27 6.50 ± 3.39 36.20 ± 2.55 6.73 ± 2.91

(a) (b) 

Fig. 5. a) Screws developing a plastic hinge, b) extent of damage in timber.

4.2 Reuse Potential Tests

Figure 6 shows the load-slip curves for the specimens tested under the reuse poten-
tial protocol, which included ten loading-unloading cycles, followed by disassembly,
reassembly with new screws and testing to failure. The cyclic part of the protocol is
denoted with (I), and the post-reassembly part with (II). In all situations the secant
stiffness of the first cycles was lower than that of the subsequent nine cycles. This is
evidenced in by the average kI0.4 versus kI0.4’ in Table 2. The secant stiffnesses for the
first cycle kI0.4 were 4.15 kN/mm, 4.53 kN/mm and 5.98 kN/mm for the R-8, R-10, and
R-12 specimens. The tenth cycle stiffnesses kI0.4’ were 8.34 kN/mm, 9.28 kN/mm, and
12.13 kN/mm for R-8, R-10, and R-12 elements, respectively. Figure 8a shows that kI0.4
enhances after the first cycle, and then is relatively constant.

After disassembly, it was observed that most screws were slightly bent, and had
signs of wear, especially on their threads, making them hard to remove. The steel section
was largely intact. Figure 7 shows a representative screw and panel after disassembly,
indicating permanent deformations at the screw and some ovalisation of the panel hole.
The diameter of the hole following the loading direction was around 9 mm for the 8
mm screw, suggesting limited damage during the loading and unloading cycles. This is
captured by a small translation of the unloading branch of the cycles in Fig. 6.

The installation of newscrewsdid not have a significant effect on the elastic behaviour
of the shear connection. As depicted in Table 2, the secant stiffness kII0.4 was within
similar ranges to kI0.4. For the R-8, R-10, and R-12 specimens, kII0.4 was 17.3%, 16.8%,
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Fig. 6. Load-slip curves for: R-8 specimens a) cyclic tests (I), b) monotonic tests (II); R-10
specimens c) cyclic tests (I), d)monotonic tests (II); R-12 specimens e) cyclic tests (I), f)monotonic
tests (II).

and 7.7% higher than kI0.4. These values are within the standard deviation of the tests,
thus can be considered insignificant. The kII0.6 suggests similar observations.With regard
to the strengths, for the R-8, R-10, and R-12 groups, the average Fy were 23.8 kN, 25.3
kN and 48.1 kN, respectively. For the same groups, the average Fmax were 32.1 kN,
42.4 kN, and 57.9 kN, respectively. These values are similar to and within the standard
deviation of those from the monotonic tests presented in Table 1.

It is shown that the disassembly and reassembly had minimal or no influence on
the strength and stiffness, indicating full reusability of the CLT panels. With regard to
ultimate displacement δu and slip ductilityμδ, the differences between the samples under
the monotonic tests and reuse potential tests are also rather minor. For M-8 μδ = 2.2,
whilst for R-8 μδ = 3.1; for M-10 μδ = 3.5, whilst for R-10 μδ = 3.5; and for M-12 μδ
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Table 2. Results from the reuse potential tests.

Specimen kI,0.4 (kN/

mm)

kI,0.4’ (kN/
mm)

kII,0.4 (kN/

mm)

kII,0.6 (kN/

mm)

Fy (kN) Fmax (kN) δy (mm) δu (mm) μδ (-)

R-8-1 3.28 9.02 5.02 4.72 23.50 31.57 4.80 13.81 2.88

R-8-2 5.02 7.65 - - 24.00 32.54 3.10 9.73 3.14

R-8 4.15± 1.24 8.34± 0.97 5.02± 0.00 4.72± 0.00 23.75± 0.35 32.06± 0.69 3.95± 1.20 11.77± 2.88 3.01± 0.19

R-10-1 5.50 9.68 5.48 5.00 23.50 41.49 3.95 15.24 3.86

R-10-2 3.57 8.89 5.42 5.11 27.00 43.21 4.81 15.10 3.14

R-10 4.53± 1.36 9.28± 0.56 5.45± 0.04 5.06± 0.08 25.25± 2.47 42.35± 1.22 4.38± 0.61 15.17± 0.10 3.50± 0.51

R-12-1 5.97 11.82 8.96 9.41 47.20 59.94 5.03 33.03 6.57

R-12-2 5.98 12.45 4.00 3.72 49.00 55.90 12.80 43.50 3.40

R-12 5.98± 0.01 12.13± 0.45 6.48± 3.50 6.57± 4.03 48.10± 1.27 57.92± 2.86 8.92± 5.49 38.26± 7.40 4.98± 2.24

= 6.7, whilst for R-12 μδ = 5.0. As for the other parameters, the difference in ductility
parameters between the two sets of tests were within the standard deviation.

Considering the potential for reusing and recycling steel and timber in construction,
it is apparent that the steel sections can be repurposed effectively. In this particular case,
as there was no visible damage to the steel section, the same holes were used. However,
other areas can be targeted for drilling, away from the previously used points, if needed.

)b()a(

Fig. 7. Details after disassembly: a) deformed screw, b) timber hole ovalisation.

Fig. 8. a) Stiffness response of reuse potential test specimens, b) relationship between screw
diameter versus stiffness and strength from the monotonic tests (II) for R specimens.
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As for the CLT panels, they offer multiple ways for reuse. One option is to flip
and interchange the panel sides, while another is to introduce screws at points more
than 100 mm away from previous screw locations, as these would be far away from the
damaged areas due to loading. From the test observations, it is worth noting that reusing
the screws for different specimens is not possible as these had hinging and straightening
would change the mechanical properties.

In lack of guidance for the evaluation of the reuse potential of steel-timber shear
connection components, a procedurewas adopted involving ten loading-unloading cycles
to 40% of the failure load of the monotonic testing counterpart specimens. Although the
loading regime is representative only for some in-service loading scenarios, the lower
amplitude and higher number of cycles obtained from a probabilistic approach for the
load distributions and changes during the design life of a building could be considered.
The approach assumed only short-term loading, which does not include specific material
effects such as creep in timber, which may change the overall structural response and
CLT reuse potential.

The paper showed that dry connections using coach screws enable component dis-
assembly of steel-timber hybrid systems at the end of life, rendering them circular. For
quantification of reuse potential, a structural reuse index can be developed using quan-
titative information obtained from the testing, such as the relative stiffness between the
reassembled and original specimen, the relative load-carrying capacity of the reassem-
bled specimen and that tested under monotonic conditions, the permanent deformations
in the removed screws, as well as qualitative parameters related to the user perception
on the disassembly process. This index can be incorporated or correlated with typical
circularity indicators for buildings.

5 Concluding Remarks

This paper evaluated the disassembly capability of steel-timber shear connections, tested
under in-service cyclic loading, as well as their reassembly and structural reuse potential
through testing. A detailed account of experiments involving double shear configurations
with coach screws of three diameters (8, 10, 12 mm) was given. Monotonic tests were
first carried out to evaluate the main mechanical response parameters. Counterparts were
then tested under ten loading-unloading cycles to 40% of the capacity obtained from
monotonic tests to evaluate stiffness degradation characteristics as well as specimen
kinematics. After disassembly and measurements, the specimens were reassembled and
tested to failure. The main remarks are outlined below.

The monotonic tests showed that the secant stiffnesses, yield and ultimate strengths,
and slip ductility ratios increase with screw diameter, as expected. The 8 mm screws
experienced a brittle failure at the interface between the smooth shank and the threaded
shank, whilst CLT panel crushing or splitting was minimal. The 10 mm and 12 mm
screws had a plastic hinge indicating ductile forms of failure.

The cyclic test observations indicated that the secant stiffness increased after the
first cycle, and then was relatively constant to the tenth cycles for all specimens. After
disassembly, all screws, regardless of their size, had permanent deformations, and the
timber panel indicated limited damage during the loading-unloading cycles, in the range
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of 1 mm. The stiffness, strength and ductility of the reassembled specimens were similar
to those from the monotonic tests.

The disassembly and reassembly had minimal or no influence on the strength and
stiffness, indicating full reusability of the CLT panels. For quantification of the reuse
potential, a structural reuse index can be developed using quantitative measurements
from the tests. This index can then be incorporated or correlated with commonly used
circularity indicators for buildings.
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