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Abstract

The article presents a load-bearing test of a spatial specimen with six linear glued laminated timber
elements inclined to the horizontal plane and joined with a hybrid steel-concrete joint for discrete
reticulated timber structures. The specimen itself can be considered as a small discrete reticulated
structure. The core of the joint consists of a steel tube with concrete filling, where the contact face
between the concrete infill and the steel tube allows (by design) the transfer of loads only through friction
and compression contacts. Glued-in threaded rods connected the glued-laminated timber elements to the
steel tube via a configuration of steel plates. The test specimen was loaded by a vertical force acting at
the joint. The load was applied with a constant displacement increase. The article focuses on the
experimental determination of the load-bearing capacity and stiffness of the studied structural elements.
The specimen load-bearing capacity was limited by the glued-in threaded rod pull-out failure (rupture
of timber on a nearly cylindrical surface near the glued-in threaded rod adhesive layer). The specimen
behaved in a ductile manner. The concrete infill of the specimen remained undamaged even after testing.
Experimental results were also evaluated with calculations of load-bearing capacity and stiffness.

Keywords: joint, discrete reticulated shell structures, timber, glued-in rods, concrete, steel, load-bearing test

1. Introduction

Gridshell structures, also called reticulated shell structures or space frame structures, stand out as
significant engineering achievements, characterized by their unique spatial configurations and
sophisticated structural engineering principles. As highlighted in [1], following a comprehensive
literature review on gridshell structures, it is noted that existing examples of these structures can be
categorized into three types: curved, actively curved, and discrete. While gridshell structures of the first
two types are mostly made up of linear elements uninterrupted at the nodes, the discrete grid structures
are made up of relatively shorter linear elements interrupted at the grid nodes and joined with special
joint systems. The study [2] points to the disadvantage of discrete gridshell structures being the complex
joints, which require the use of computer-aided manufacturing (CAM); however, this is an area where
developments are rapid, as shown in [3]. Adequately designed and manufactured joints ensure discrete
gridshell structures closely align to various surfaces' geometry.

Typical materials for gridshell structures are steel and timber. From an environmental point of view, it
is generally preferable to use timber for buildings, as demonstrated by many studies (e.g. [4], [5]).
However, steel plays a significant role in the joints of discrete gridshell structures, whose structural
behavior depends mainly on the joints at the grid nodes. In discrete timber gridshell structures, the joints
are usually made up of steel tubes. In order to increase the stiffness and load-bearing capacity of the
joints, these steel tubes have relatively thick walls, sometimes with additional welded stiffener elements,
which results in disproportionately large amounts of steel being used for the joints. In [6], it is estimated
that the joints account for 15-40% of the self-weight weight of roof structures with larger spans (e.g.,
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for stadia). Similar or even higher proportions can be attributed to gridshell structures, nevertheless,
many studies in the field of gridshell structures deal with optimizing the shape of the joints and the
consequent reduction of the mass of the joints (e.g. [7]). It would be more advantageous to minimize the
thickness of the steel tube and replace it as much as possible with another cheaper material with a lower
density and a lower environmental impact than steel — this description fits concrete.

According to [8], dowel-type joint and glued-in rod joint configurations are most commonly
incorporated in the joints of glued-laminated timber gridshell structures. Furthermore, glued-in threaded
rod joints are favored over dowel-type joints for their on-site assembly convenience. This paper,
therefore, focuses on the structural behavior of a spatial specimen consisting of six glued-laminated
timber (glulam) beams joined in one node with a hybrid steel-concrete joint. The core of the joint is a
steel tube with concrete infill. A configuration of steel plates welded to the steel tube connects the steel
tube with the glulam beams via glued-in threaded rods. The experimental determination of the load-
bearing capacity and stiffness of the spatial specimen is first presented. A calculation model is also
briefly presented to determine the load-bearing capacity and stiffness. Finally, the experimental and
calculation results are compared.

2. Load-bearing test

A load-bearing test was performed on a spatial specimen with six linear glued-laminated timber elements
(glulam beams) connected at one joint and inclined to the horizontal plane. The test specimen dimensions
can be seen in Figure 1. The glulam beam cross-section was 20 cm wide and 36 cm high. The glulam
beam strength class was GL24h.
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Figure 1: Test specimen dimensions in mm (left: front view; right: top view).

The core of the joint (Figure 2) is represented by a steel tube with an external diameter of 273 mm and
a wall thickness of 10 mm. The height of the steel tube was about 373 mm. Multiple steel plates (interim
and endplates) with a thickness of 15 mm were welded to the steel to connect the glulam beams to the
joint. All welds were filled welds and had a weld leg size of 11 mm (or a throat thickness of about 7.5
mm). The strength class of all steel elements was S355. The steel tube was filled with a concrete of
strength class C25/30 (according to the declaration of properties). The Barchip 48 [9] high-performance
macro-synthetic polypropylene fibers, designed for structural reinforcement in precast, paving and
flooring works [9], were added to the concrete mixture. 5 kg of the fibers was added per cubic meter of
the concrete composition. The fibers can be classified as Class Il fibers (according to the standard EN
14889-2 [10]), generally used where an increase in residual flexural strength is required. The concrete
infill compressive, tensile and residual tensile strengths were experimentally assessed in [11].
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Figure 2: Joint — steel tube with concrete infill and welded steel interim and endplates (view direction
perpendicular to one endplate, all dimensions in mm).

The connection between the glulam beam end face and the steel endplates was a bolted butt joint, more
common in steel construction. The steel endplates had holes with a diameter of 18 mm, which were
meant for receiving steel bolts with a nominal diameter of 16 mm. Counterbore holes with two different
diameters and depths were drilled in the end faces of the glulam beams (Figure 3). The larger diameter
hole (24 mm) was drilled to a depth of 50 mm and was intended for inserting a coupling nut, while the
smaller diameter hole (18 mm) was drilled to a depth of 302 mm and was intended for inserting a
threaded rod. The threaded rod length was chosen based on multiple experiment configurations (not
presented in this paper). Eight bolts were needed to connect the steel endplates and the glulam beams.
The bolts passed through the holes in the steel endplate and were bolted in the coupling nuts. For gluing
the threaded rods and coupling nuts to the glulam beams, a two-component epoxy adhesive (Rothoblaas
Xepox D) was used. The bolts, threaded rods and nuts were of strength class 8.8 or comparable.
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Figure 3: Glulam beam dimensions in mm (left: end cross-section; right: side view with displayed counterbore
holes).

2.2 Test execution and results

The test was performed at The Slovenian National Building and Civil Engineering Institute. The
specimen was loaded in the vertical direction (Figure 4). The load was introduced at the joint. A
sandwich of steel plates and Teflon sheets was placed between the concrete-infilled steel tube and the
load piston to disclose the load piston's possible impact on the joint's structural behavior and to distribute
the load to the joint. Teflon sheets were also placed between the supported faces of the glulam beams



supported.
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and the ground to minimize the contact friction. Consequently, the test specimen was only vertically

Figure 4: The load-bearing test configuration.

The loading of the specimen was displacement-controlled — the displacement increase rate was 0.05
mm/s. The displacement measurements were carried out using the optical measuring device ARAMIS
SRX, which monitored several marked discrete points. Additionally, LVDT (Linear Variable
Differential Transformer) displacement sensors were installed to monitor the vertical displacement at
the supports. The vertical displacement was measured at the steel tube's outer surface, which was visible
with the optical measuring device. The results of the load-bearing test are shown in the form of a load-

displacement curve in Figure 5.
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Figure 5: Load-bearing test results in the form of a load-displacement curve.

The test was carried out until a vertical displacement of about 90 mm was reached. Afterward, the
specimen was unloaded (final unloading in Figure 5). The reason for stopping the test was a horizontal
movement (sliding) of the test specimen. The test specimen was also unloaded and reloaded at a vertical
displacement of about 60 mm to adjust the LVDT sensors to the deformed specimen shape. The load

was already below 50 % of the maximum load reached during the load-bearing test.
After the initial settling phase (which can be considered up to a load of about 25 kN), the specimen's
load-displacement behavior was nearly linear up to about 300 kN. By increasing the load and still prior

to reaching the maximum load (about 324 kN at a vertical displacement of about 10 mm), the load even
decreased a few times and increased again, which indicates the redistribution of the loads between the
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glued-in threaded rods and/or between the glulam beams. The specimen's maximum load (load-bearing
capacity) was limited by the pull-out of the glued-in threaded rods (the bottom ones in relation to the
glulam beam cross-section). However, the specimen did not fail, as after reaching the maximum load,
the load decreased relatively sharply to about 50 % of the maximum load when the load-displacement
curve started to have a narrower slope. Even after reaching the maximum load, the load increased and
decreased again at several vertical displacements. Therefore, the structural behavior of the specimen
during the load-bearing test can be described as ductile. The load-bearing test resulted in three (out of
six) glulam beams having heavily damaged glued-in threaded rod connections (Figure 6 (left)). The
deformed glued-in threaded rod connection of one glulam beam is shown in Figure 6 (right), where it
can be seen how the horizontal displacements of the connection cross-section linearly increased from
the top to the bottom of the cross-section.
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Figure 6: Test specimen after the load-bearing test (left: whole specimen; right: close-up view of the ruptured
glued-in threaded rod connection of a single glulam beam.

The stiffness of the test specimen was evaluated on the interval between the load of 50 kN and 250 kN
(on the initial loading part of the load-displacement curve). The stiffness was defined as the load and
vertical displacement difference ratio. To disclose the support deformation effect, the vertical
displacements at the glulam beams supports measured with the LVVDT sensors were subtracted from the
vertical displacement of the steel tube. The considered load and displacement values resulted in a
stiffness of about 46 KN/mm (see Table 1).

Table 1: Load and displacement values considered for the stiffness calculation.

Load Vertical displacement Average support vertical displacement Stiffness
[KN] [mm] [mm] [KN/mm]
50 1.69 0.87 46.31

250 6.43 1.29

An important insight from the load-bearing test was also that the load-bearing test did not result in any
damage (noticeable cracks) of the concrete infill — during the performed load-bearing test the concrete
infill (cylinder) was loaded in multiple transversal directions (in the pressure zone in the sense of bending
moments applied on cross-sections).

3. Calculation of the stiffness and load-bearing capacity

The behavior of the proposed joint can be divided into two subproblems. The first is the behavior of the
steel tube with the concrete infill, and the second is the behavior of the connection between the steel
endplates and the glulam beams with the bolts, coupling nuts and glued threaded rods. For the rotational
stiffness of the steel tube and concrete infill interaction, only the transmission of pressure contact forces
between the steel tube and the concrete infill was considered. It was assumed that the steel tube wall acts
as a beam and the neighboring interim steel plates act as fixed supports for the steel plate wall beam.
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Two mechanisms were defined for simulating the contact behavior between the steel tube and the
concrete infill. For the first mechanism, it was supposed that a bending moment acting on the steel tube
wall acts as a force couple, a compression force (Figure 7 a) and a tensile force (Figure 7 b) acting on
different steel tube wall parts. The steel tube and the concrete infill act as parallel springs for the
compression force, while the concrete infill is not activated for the tension force. For the second
mechanism, the steel tube wall, loaded by a bending moment, transfers the acting bending moment to
the neighboring interim steel plates (acting as fixed supports) in the form of internal static quantities of
bending and torsional moments (Figure 7 c). In the present case, the neighboring interim steel plates
formed angles (a1 and o) of 60°.
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Figure 7: Steel-tube-wall beam model for simulating the steel tube with concrete infill behavior with different
loads: a) compression force; b) tensile force; c) bending moment.

For the case of tension and compression forces (Figure 7 a and b), the steel-tube-wall beam model had
a statical indeterminacy degree of 3, while for the case of the bending moment being directly transferred
to the neighboring interim steel plates, the steel-tube-wall beam model had a statical indeterminacy
degree of 2. The concrete infill stiffness was calculated by considering the infill as a beam with varying
cross-section width and loaded with an axial force. For the first mechanism, the rotational stiffness was
calculated based on equilibrium conditions of forces and moments on a fictitious contact plane between
the steel tube and the concrete infill. The two equilibrium equations were used to calculate two
unknowns: the compressed height of the steel tube wall and the rotation. The rotational stiffness of the
steel tube with concrete infill was calculated as the sum of the rotational stiffnesses of the two considered
mechanisms.

For the rotational stiffness of the connection with the glued-in threaded rods, the stiffness of the
following elements of the connection was taken into account: steel endplate (as an equivalent T-stub
according to Eurocode 3 [12]), bolt head, washer, bolt shaft, bolt and coupling nut threads (statically
indeterminate system), coupling nut, threaded rod and coupling nut thread (statically indeterminate
system), threaded rod and ordinary nut threads (statically indeterminate system), glued-in part of the
threaded rod. For the stiffness of the glued-in threaded rods, the expressions from [13] and [14] were
considered (different for compression and tension loading). For the effective shear stiffness (required to
calculate the axial or slip stiffness of the glued-in threaded rods), the value from [15] was taken into
account (30 N/mm). This value was determined for a threaded rod of the same diameter, timber of similar
strength class and similar epoxy adhesive as used in the present study. The basis for this choice is the
fact that most of the slippage or displacement of glued-in threaded rods (with stiff adhesives) results in
the deformation of the wood layer near the contact surface between the adhesive and the wood. A more
accurate value for the effective shear stiffness could only be determined by tensile tests on glued-in
threaded rods with different glued-in lengths.

For the compression part of the cross-section (contact between the glulam beam end face and the steel
endplate), the compression stress (or force) was considered to be transmitted through the contact
between the glulam beam end face and the steel endplate and also to threaded rods in the compression
zone. For the stiffness of the steel endplate in the compression zone, the terms for a rigid plate in an
elastic half-space (in this case, glued laminated timber, in the direction parallel to the fibers). The
expressions used were taken from [16].



Proceedings of the IASS Symposium 2024
Redefining the Art of Structural Design

It was considered that the load-bearing capacity is limited by the load-bearing capacity of the glued-in
threaded rods loaded in tension, which was calculated according to the German national annex to the
Eurocode 5 [17], which assumes 4 MPa for the shear strength of the glued-in threaded rod bonds up to
glued-in lengths of 250 mm. The calculated characteristic load-bearing capacity of the glued-in rod was
47.25 kN. The mean load-bearing capacity of the glued-in rods (62.17 kN) was calculated by considering
the ratio of the characteristic and mean load-bearing capacity of the glued-in threaded rods from [18],
equal to 0.76. The model in Figure 8 was used to calculate the rotational stiffness of the connection with
glued-in threaded rods and the load-bearing capacity (maximum bending moment with accompanying
axial force). Two unknowns were calculated based on the equilibrium of forces and moments in the
cross-section (the height of the compression zone and the rotational stiffness).
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Figure 8: Calculation model for the rotational stiffness and load-bearing capacity of the connection with glued-in
threaded rods loaded with a bending moment and an axial force.

The symbol x in the model in Figure 8 denotes the compression zone height, F; are the glued-in threaded
rod forces, Fris the resultant of the compressive stresses transmitted directly through the contact between
the glulam beam end face and the steel endplate, M is the bending moment, N is the axial force, ¢ is the
angle of rotation, 44 are the horizontal displacements (perpendicular to the contact plane). The relation
between the bending moment and the axial force was calculated from the structural analysis model in
Figure 9.
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Figure 9: Structural analysis model for calculating the test specimen's inner static quantities and vertical
displacement (linear dimensions in mm).
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The structural analysis model in Figure 9 assumed that the vertical load is evenly distributed to all six
beams connected to the joint with the applicated load. Considering symmetry conditions, only one of
the six beams was used in the model. The left-end support in Figure 9 was a sliding support, while the
right-end support in Figure 9 restrained horizontal movements and rotations. Axial, shear and flexural
deformations of the glulam beam and interim steel plate were considered in addition to the rotational
stiffnesses of the connection with glued-in threaded rods and the rotational stiffness of the steel tube and
the concrete infill contact to calculate the vertical displacement with the virtual work method. The
concrete-infilled steel tube's projected length was considered an infinitely rigid element.

3.3 Calculation results and comparison with the load-bearing test

The stiffness and load-bearing capacity calculation results of the structural analysis model in Figure 9
are given in Table 2. Additionally, some relevant interim results are also given.

Table 2: Calculation results.

Property Result
Concrete infill axial stiffness (half of the cylinder loaded transversely 15563 kKN/mm
considered)
Steel tube (without infill) axial stiffness (tension or compression load) 676 KN/mm

Rotational stiffness of the steel tube and concrete infill contact (force couple —
first mechanism)
Rotational stiffness of the steel tube and concrete infill contact (torsion — second
mechanism)

21591 kNm/rad

527 kNm/rad

Glued-in threaded rod compression axial stiffness 182 kN/mm
Glued-in threaded rod tensile axial stiffness 216 KN/mm
Rotational stiffness of the glued-in threaded rod connection 12827 kNm/rad
Stiffness of the structural analysis model in Figure 9 (ratio of the load and the 47 4 KN/
vertical joint displacement) ' mm
Bending capacity of the glued-in threaded rod connection (with accompanying 39 KNm
axial force according to the structural analysis model in Figure 9) (-13 kN)
Load-bearing capacity of the specimen according to the structural analysis model in 304 kN

Figure 9

The comparison of the load-bearing test results in Table 1 and the calculation results in Table 2 shows
that the proposed calculation model slightly overestimates the stiffness of the test specimen. In contrast,
the calculated load-bearing capacity is lower than the measured load-bearing capacity. It can be
concluded that the proposed model for analyzing the test specimen's structural behavior gives acceptable
results.

Conclusion

The paper presents a load-bearing test of six glulam beams joined with a hybrid steel-concrete joint for
discrete reticulated timber shell structures. The pull-out failure of the glued-in threaded rods limited the
load-bearing capacity of the test specimen. Even though the failure of individually tensioned glued-in
threaded rods is usually brittle, the test specimen showed ductile behavior, which might be attributed to
the configuration of multiple glued-in threaded rods in each of the glulam beams and due to the
possibility of redistribution of the load to multiple glulam beams. An important observation was that the
load-bearing test did not result in concrete infill damage (no noticeable cracks on the concrete infill
visible surfaces).

In addition to the experimental determination of the load-bearing capacity and stiffness of the test
specimen, the paper also presents a structural analysis model for calculating the load-bearing capacity
and stiffness of the test specimen. The structural analysis model involved the calculation of the rotational
stiffness of the glued-in rod connection and the rotational stiffness of the steel tube and concrete infill
contact. The model for calculating the rotational stiffness of the glued-in threaded rod connection was a
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system of parallel and series springs. In contrast, the model for calculating the rotational stiffness of the
steel tube and concrete infill contact was another structural analysis model involving beam elements.
The comparison of the experimental and calculated load-bearing and stiffness results indicates the
usefulness of the presented calculation model, as the results show reasonable agreement. While the
structural analysis model overestimates the specimen's stiffness, the calculated load-bearing capacity
was lower than the experimentally observed load-bearing capacity.
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