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1. Introduction 31 

Hybrid constructions have proved to be effective structural solutions for the fabrication of modern buildings, especially 32 

when the constructions are built by joining modular prefabricated elements on site. Hybrid structures can cover a wide 33 

range of constructions [1, 2]. However, for contemporary multi-storey buildings, the most common ones are timber-34 

concrete, steel-timber or timber-timber construction systems. Canada, New Zealand, the USA, Japan and Europe are 35 

areas with widespread use of buildings with a hybrid-based structure. In Europe, in particular, there are three important 36 

cases of hybrid tall buildings, built in England (Banyan Wharf Place), in Austria (Lifecycle Tower, [3]) and in Norway 37 

(Treet, under construction, [4]). 38 

Hybrid structures are generally construction systems assembled through the connection and mutual interaction of 39 

structural elements made of different materials. The combination of materials can be defined depending on whether it 40 

refers to the construction elements and components or to the subsystems of the structures. This paper refers specifically 41 

to hybrid structures which combine steel and timber at the component level (hybrid slabs and shear walls) [5]. 42 

Several studies have been carried out regarding the hybrid construction systems in which steel and timber are the main 43 

structural materials or are joined in order to enhance the load-bearing capacity. Some recent literature can be cited: Asiz 44 

and Smith [6], Dickof et al. [7], Bhat et al. [8], He et al. [9] and Okutu et al. [10]. Such studies deal primarily with 45 

construction systems designed to build mid-rise buildings and with a view to the implementation of high-rise buildings. 46 

The strong interest in these innovative technologies has pushed the research into cost-effective, reliable and, above all, 47 

efficient solutions which allow hybrid buildings to compete against the most traditional and widely used construction 48 

methods [11,12,13,14,15,16]. The research presented hereafter deals with innovative hybrid construction systems that 49 

allow a quicker assembly of the construction elements, mainly prefabricated in the factory, reducing the time of on-site 50 

assembling operations and the construction costs. Under these conditions, the component manufacturing is highly 51 

industrialized and allows the building processes to take place even in areas exposed to harsh weather conditions. 52 

Generally, the design of new residential buildings needs to meet important requirements and standards, which can 53 

include the use of natural and sustainable materials or ensure sufficient architectural flexibility regarding possible future 54 

changes in the use of internal spaces. Hybrid steel-timber frame-based structures allow buildings to be designed with an 55 

open architectural plan and a sustainability perspective [17,18,19], since this technology can cover long spans and limit 56 

the use of non-recyclable materials as much as possible. This research work concerns the implementation of hybrid 57 

construction systems with steel frame bearing elements, floor slabs and bracing systems produced by fastening Cross-58 

Laminated Timber panels (CLT) to the steel beams or columns. The research evaluates different joining solutions 59 

suitable to develop an effective interaction between steel and timber elements. We discuss several solutions that provide 60 

adequate structural stability of the system and allow the development of a composite action between materials. Some of 61 
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these solutions allow a quick assembly of the elements on site through the use of mechanical fasteners (dry solutions), 62 

while others require the use of epoxy-based resin. In both cases, each connection has been designed for an easy 63 

assembly of structural components, in particular considering the installation clearances (tolerances) related to the 64 

construction system and materials. Moreover, some joining solutions for CLT panel-to-panel connections will be 65 

analysed. Connections using self-tapping screws effectively transfer both in-plane and out-of-plane shear actions. This 66 

work investigates some arrangements of screws in order to maximize the floor stiffness or the inelastic deformation 67 

capacity of the bracing system. 68 

The strength and stiffness properties of the connections, assessed via experimental tests, are reported together with the 69 

recorded load-slip curves. The experimental campaign is included within an industrial research project financed by a 70 

public fund for the utilization of local resources and for sustainable development. 71 

The paper is organized as follows. The construction system is briefly described in Section 2. Section 3 discusses the 72 

evaluation of the floor behaviour, considering in particular the structural hierarchy and the role of the different 73 

connections. Section 4 describes the fastening configuration designed to join the steel elements with the timber CLT 74 

panels. The same Section defines some mechanical solutions for assembling CLT panels. Section 5 reports and 75 

describes the experimental tests, while the recorded data are shown in Section 6. Section 7 discusses the experimental 76 

outcomes, particularly pointing out the feasibility of making steel-timber composite floors. 77 

From the single connector to prototypes of a floor element and a shear wall component, the companion paper (Part II, 78 

[20]) will present two innovative prefabricated components. Moreover, it will describe some aspects concerning the 79 

behaviour of shear walls, and more generally the lateral-load resisting system. With specific reference to the floors, the 80 

discussion will demonstrate the competitiveness of hybrid steel-timber structural systems compared to those using 81 

timber-timber or concrete-timber solutions. 82 

2. Construction System 83 

The reference building is aimed at the residential housing market. In addition to the modularity and easy assembly on 84 

site of the structural components, the structure has to provide architectural flexibility in the distribution of the internal 85 

and external spaces, to allow not only for flexibility in current use but also for possible modifications throughout the 86 

building life. The architectural plan permits different distribution layouts of the single housing units and, if required, 87 

volumes to be added to the building facades (Fig. 1). 88 

[Fig. 1] 89 

The reference hybrid structure effectively exploits both the highly industrialized technology typical of steel construction 90 

systems and the advantages offered by the use of solid wood-based panels, such as lightness, structural in-plane 91 

stability, and low environmental impact, as well as the possibility to recycle and replace the degraded elements. In 92 
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particular, it is possible to merge the assembly technologies typical of steel structures with those characteristic of timber 93 

constructions. In the construction system, the CLT panels replace the traditional plate and shell elements such as 94 

concrete floor slabs, shear walls or cores, with the aim of lightening the structure and improving the industrialization 95 

processes involved. The construction site organization, the quality control of the materials and the assembling process 96 

are significantly improved, leading to a considerable reduction in the construction time. 97 

The construction system is regular and repeatable in space, with linear steel elements and flat timber components. 98 

Referring to Fig. 1, the main structure is built by placing steel frames along the two main directions of the building. The 99 

floors are assembled with steel beams forming a grid structure, which supports the steel-timber horizontal components, 100 

properly connected to ensure both the out-of-plane and in-plane diaphragm behaviour to withstand the vertical loads 101 

and horizontal forces, respectively. The lateral stability of the structure is provided by some walls braced using steel-102 

timber vertical components joined following a well-defined configuration. Fig. 2 illustrates the construction system of a 103 

generic intermediate storey for the reference building, with a detail of the structural arrangement of the bidimensional 104 

hybrid steel-timber components for the floors and shear walls. 105 

[Fig. 2] 106 

Hybrid steel-timber components can be made of steel elements with different cross-section shapes, assembled with CLT 107 

panels using different connections and connection arrangements. Any of the following technologies can be used, as 108 

preferred: hot-rolled steel beams, asymmetric elements with welded flanges, cold-formed steel elements or even 109 

hollowed cold or hot formed sections (Fig. 2). Part II [20] of this work will describe in details innovative prefabricated 110 

steel-timber components for highly industrialized buildings. Specifically, floor and shear wall components are 111 

assembled joining timber and steel elements with standardized dimensions in order to increase the manufacturing 112 

efficiency. Connections are selected and designed to provide adequate transmission of shear actions among the resistant 113 

elements, or to develop the energy dissipation and deformation capacity of the structural system. 114 

The next Section discusses the structural behaviour of the floors, considering both their in-plane diaphragm behaviour 115 

and out-of-plane bending behaviour. 116 

3. In- and out-of-plane behaviour of floors 117 

The floors can be built using modular highly prefabricated steel-timber prototype elements as depicted in Fig. 2. Fig. 3 118 

shows two three-dimensional views of a portion of the floor, pointing out the difference between the in- and out-of-119 

plane behaviours. Connections can be divided into two main groups: those referring primarily to the steel elements 120 

(group I) or those regarding the CLT elements (group II). With specific reference to group I, the subgroup Ia includes 121 

steel-timber connections between beams and CLT panels, while subgroup Ib relates to the mechanical connections 122 

between the steel beams and the main frame of the building, commonly steel bolted brackets. With reference to group 123 
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II, subgroup IIa includes timber-timber connections at the edges of the panels, while subgroup IIb relates to the steel-124 

timber connections used to attach the CLT panels to the steel frame elements around the edge. 125 

[Fig. 3] 126 

In Fig.3, the vertical loads are transferred directly by contact between the steel beams and the CLT panels. Indeed, the 127 

gravity loads mainly cause a flexural stress state on the floor elements. The connections of the first group allow the 128 

shear stress induced by the composite action between the steel beams and the timber panels to be transferred to the main 129 

structure. The connections of the second group have a secondary and more general role, providing the floor with the 130 

required transverse capacity in the distribution of the loads. For out-of-plane loads, the floor can be analysed as an 131 

assembly of composite steel-timber prefabricated components, mainly in bending in the primary direction and 132 

collaborating in the related transverse direction. 133 

With loads acting in the mean plane of floors (Fig. 3b), all the steel-timber, steel-steel and timber-timber connections 134 

may be involved (groups I and II). The operating principle of the floor is similar to an in-plane timber diaphragm used 135 

in wood-frame construction systems [21,22,23,24,25,26]. The resistant mechanism is activated as a result of 136 

deformations in the connectors of group II, placed at the edges of the floor grid to join the CLT panels to the steel 137 

elements, as well as at the end- and side-connections among the panels. However, here the in-plane resistance and 138 

stiffness are increased by the contribution of prefabricated components joined using connections of group I. In more 139 

detail, the beams pinned to the main frames are braced by the CLT panels, and therefore perform a stabilizing function 140 

of the diaphragm. 141 

The real innovation of the proposed hybrid system is the concept of prefabricated steel-timber components and the 142 

related connections between the steel elements and the CLT panels. This work presents some novel connection 143 

technologies developed for the implementation of steel-timber hybrid structures. The connections are derived from the 144 

current practice applied to timber constructions built with CLT panels [27,28], and by considering the technologies of 145 

composite steel- and timber-concrete structures [29,30,31,32,33,34,35,36]. The connections have been engineered 146 

considering the mechanical behaviour of the materials and the installation tolerances, as well as the feasibility and costs 147 

of assembly on site. 148 

4. Connections for steel-timber composite floors and shear walls 149 

This Section describes two distinct types of connections (Fig. 4). The first set of connections (I) includes mechanical 150 

devices designed to join steel elements to the CLT panels, in order to develop a composite action between the different 151 

materials and in any case to transfer the shear stresses between the elements. The second set (II) covers connections to 152 

hold together the CLT panels. 153 
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For the first typology (I), there are “all-dry” mechanical devices (A-type), connections that use an epoxy-based resin (B-154 

type) and mixed mechanical devices, which combine the resistant properties of the resin and of the steel connectors (C-155 

type). B-type connections are suitable to create an effective composite steel-timber section; A-type connections are 156 

more general and can also be used to join CLT panels to the steel beams in order to ensure an out-of-plane 157 

collaboration. Finally, C-type connections can be used indifferently to transfer shear stresses between elements due to 158 

in- and out-of-plane applied loads. With reference to Fig. 4a, A-type includes 9 different connection configurations: 159 

-I-A-1, L-shaped thin profiles welded on both sides of the steel beam and connected to the CLT panel using self-tapping 160 

screws inserted perpendicularly to the grain; 161 

-I-A-2/3, steel elements welded on both sides of the steel beam and connected to the CLT panel using full-threaded self-162 

tapping inclined screws; I-A-2, cold-formed thin elements; I-A-3, steel thick elements; 163 

-I-A-4/7, steel thick discs with flared holes, joined to the CLT panel using full-threaded self-tapping screws and 164 

tightened to a threaded bar welded to the steel beam; I-A-4, flexible bar; I-A-7, rigid bar; 165 

-I-A-5, steel plate screwed to the CLT panel using straight full-threaded self-tapping screws, tightened to a threaded bar 166 

welded to the steel beam; 167 

-I-A-6, steel plate screwed to the CLT panel using full-threaded inclined self-tapping screws, tightened to a threaded bar 168 

welded to the steel beam; 169 

-I-A-8/9, shear plate type connector (Geka) fastened at the base using a threaded bar welded to the steel beam; I-A-8, 170 

single shear plane; I-A-9, double shear plane. 171 

The B-type connection category includes 9 different solutions depending on the use of epoxy-based resin. The 172 

transmission of the stress between the steel beam and the CLT panel is ensured by the contact between the element 173 

surfaces. From Fig. 4a: 174 

-I-B-1/2, bar welded to the steel beam and glued to the CLT panel using an epoxy-based resin; I-B-1, half-threaded bar; 175 

I-B-2, full-threaded bar; 176 

-I-B-3, hollow pipe welded to the steel beam and glued to the CLT panel using an epoxy-based resin; 177 

-I-B-4, bar welded to the steel beam and joined to the CLT panel using an epoxy-based resin; the connection is 178 

strengthened at the base with a steel perforated plate placed horizontally; 179 

-I-B-5/6/7, steel drilled plate with smooth surface welded to the steel beam and connected to the CLT panel using 180 

epoxy-based resin; I-B-5, partially drilled plate; I-B-6, symmetrically drilled plate; I-B-7, partially drilled plate and 181 

epoxy-based resin with a different aggregate dosage; 182 

-I-B-7/8, steel plate with rough surface welded to the steel beam and connected to the CLT panel using an epoxy-based 183 

resin; I-B-7, striated surface; I-B-8, plate with thin steel elements welded on it. 184 
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The C-type connection category encompasses mixed connection devices. In particular, the configurations I-C-1 and I-C-185 

2 differ from the related I-A-6 and I-A-7 configurations, respectively, only in the application of epoxy-based resin in the 186 

space between the holes and the bars. 187 

In the design of this first type of beam-to-panel connections, calculation models from the literature [28,37,38,39,40,41] 188 

were adopted considering every possible failure mechanism, involving steel elements and parts, fasteners or timber 189 

panels. The failure mode has been selected in order to avoid brittle failure of timber elements. In particular, breakages 190 

are expected to occur in the fasteners, and in other cases on the components welded to the steel beams. 191 

The second set of connections (II) depicted in Fig. 4b concerns the CLT panel-to-panel edge connections. More 192 

specifically, they consist of crossed full-threaded screws, always installed in pairs, placed following different geometric 193 

configurations and arranged at a constant pitch. Each configuration is designed to provide bearing capacity for the in- 194 

and out-of plane loads of the floors. From Fig. 4b, all connections use a pair of screws and differ from each other in the 195 

angles of insertion of screws  and , in relation to the panel plane (P1, in dashed line) and the perpendicular panel 196 

plane (P2, in thick line), respectively. 197 

[Fig. 4.] 198 

From a cost-effectiveness perspective, each solution requires a different installation procedure, varying not only in the 199 

equipment required but also in the processing time at the factory and at the construction site. Even though it is difficult 200 

to evaluate the most convenient solution, based only on economic factors, all the above mentioned connections have 201 

been designed taking into account the common working operations for timber and steel elements. Furthermore, the 202 

epoxy grout resin used to fill the volume in holes between timber and steel is a very common and cheap product. When 203 

required, other high-priced structural adhesives are available with superior mechanical properties. 204 

5. Experimental tests 205 

The nonlinear behaviour of connections was investigated via experimental tests. More specifically, push-out (push and 206 

pull) tests were performed, in displacement and load control mode, on specimens which differ in the number, types and 207 

geometry of the connections. Fig. 5 depicts the geometry of all the specimens used to test the first (Fig. 5a) and second 208 

(Fig. 5b) set of connections, using a double shear plane configuration. All specimens were assembled with CLT panels 209 

which have 5 layers of C24-strength class timber boards in accordance with EN 338 [42]. CLT panels have a nominal 210 

thickness of 100 mm with a lamellar structure of 20 l / 20 t / 20 l / 20 t / 20 l, three layers in the longitudinal direction (l) 211 

and the other two in the transverse direction (t). In the outer layers, the grain direction is oriented towards the beam 212 

main axis direction. Density and moisture content were measured in all the CLT specimens, giving a mean value of 213 

ρm=453 kg/m
3
 and an average Moisture Content (MC) of 11.7 %. 214 

[Fig. 5.] 215 
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Specimens for set of connections I were obtained by assembling steel elements (HE-shaped section) with CLT panels 216 

(Fig. 5a). The hot-rolled steel beams are made of steel S275 in accordance with EN 10025 [43]. The steel beams were 217 

strengthened on one end, by welding on them a perforated flange and other steel parts such as transversal stiffeners and 218 

ribs, cut from a plate of the same beam material. For set of connections II, specimens were built by joining the CLT 219 

panels at their edges (Fig. 5b). Set of connections II includes specimens with two different boundary configurations. In 220 

the configuration called T1 the panels have natural contact surfaces at edges, while for the configuration T2 the panels 221 

have smooth contact surfaces at edges. The latter configuration is obtained by inserting teflon strips between the edges 222 

of the timber elements. 223 

With reference to Fig. 4, Table 1 shows the dimensions and mechanical characteristics of connectors for each 224 

connection configuration as used in the tests. 52 different specimens were tested, 40 specifically for the beam-to-panel 225 

connections (set I) and the other 12 for the CLT panel-to-panel connections (set II). The assembly method of the 226 

specimens was studied in detail in order to both respect the test principles and reproduce the real situation in the 227 

worksite. Then a work-bench was used in the assembling process to avoid offsets (Fig. 6a), misalignments and 228 

clearance between the elements. Particular care was taken in mixing and pouring the epoxy-based resin (Fig. 6b), as 229 

well as in applying a controlled tightening torque to the bolts (Fig. 6c) and in inserting screws in the CLT panels (Fig. 230 

6d). 231 

[Table 1] 232 

[Fig. 6.] 233 

5.1 Setup and specimen instrumentation 234 

In the tests, two different setups (Fig. 7) were used in addition to a reaction frame tied at the base and a hydraulic 235 

electro-assisted actuator with push and pull features respectively equal to +1000 kN and -600 kN (Fig. 7a). Each setup 236 

was designed to carry out push and pull tests in a two-shear plane configuration with imposed monotonic and cyclic 237 

loading paths. With specific reference to the beam-to-panel connections (set I), the test configuration generates shear 238 

forces on the connectors mainly along the slip plane direction. The out-of-plane forces are self-equilibrated and in any 239 

case the specimens are restrained at the base by the setup. However, the lateral displacement among the elements was 240 

monitored, since it could occur due to non-expected transversal forces or to a possible separation of the components. 241 

The setup and the specimens were restrained using high-resistance bolts, pre-loaded to minimize the effects induced by 242 

the hole-bolt clearance. The instruments installed on the specimens for the tests were 9 LVDT-50 and -100 strain gauge 243 

linear displacement transducers, respectively with a 50 mm and 100 mm stroke (Fig. 7b). 244 

[Fig. 7.] 245 



9 

 

The particular arrangement of the instruments allows both the total and the relative displacements between the elements 246 

to be measured. In particular, the relative slip between the different materials can be evaluated as an average of the 247 

different instruments. Similarly, the lateral displacement is determined as the average of the different instruments placed 248 

on the upper and lower side of the specimen. In addition, it is possible to evaluate every possible rotation between the 249 

CLT panels and the steel elements for both the main directions, as well as to define the instant of disjunction of the 250 

elements. 251 

In the case of tests on the CLT panel-to-panel connections, similarly, the setup configuration was designed to impose 252 

shear stress only in the plane direction of the elements (Fig. 7a). Every timber element was restrained in order to 253 

prevent displacements in the out-of-plane direction. The displacements were measured by placing 11 transducers, as 254 

depicted in Fig. 7c. Two Quantum X -HBM®- power units, equipped with eight acquisition channels each, were used 255 

for the data acquisition. Two acquisition channels were connected to the jack to allow the recording of both the absolute 256 

displacement and the reached/imposed load level. A measurement device was assigned to each of the other channels. A 257 

sample rate of 5 Hz was used during the data acquisition. 258 

5.2 Testing Method 259 

Experimental tests with monotonic increasing loads were carried out in displacement control mode, imposing a 260 

deformation speed of 0.05 mm/s (Fig. 8a). The test procedure complied with the test principles of EN 26891 [44]. The 261 

tests were performed on 28 different specimens, 20 (set I) for the beam-to-panel connections and 8 (set II) for the panel-262 

to-panel connections. A second test campaign, for only the beam-to-panel connections, was carried out in force control 263 

mode on 20 other specimens, applying incremental load cycles. The maximum load (FM) was increased in the range 264 

from 5% to 40% of FM, where FM was determined in the previous displacement controlled tests. The loading history 265 

was constituted by five loading steps, each composed of five load cycles (Fig. 8b). This cyclic loading protocol was 266 

intended to simulate the elastic behaviour of a floor in operating state. 267 

[Fig. 8.] 268 

Twenty quasi-static cyclic tests were performed on these same steel-timber specimens in accordance with EN 12512 269 

[45]. Similarly, four other quasi-static cyclic tests were carried out for the panel-to-panel connections on new 4 270 

specimens in accordance with EN 12512 [45]. The measured cyclic force-slip curves and the data of these tests will be 271 

reported in detail in the companion paper [20]. 272 

6. Behaviour of the tested connections 273 

The force-slip (F-δ) curves and the main recorded data from the tests are shown in Figs. 9, 10 and 11 and are reported in 274 

Tables 2 and 3 for sets I and II of the connections, respectively. In Tables 2 and 3, the yield points were derived 275 

according to EN 12512. Therefore, stiffness, yield force and yield slip, listed in Tables 2 and 3, comply with EN 12512 276 
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procedure. The other mechanical properties of the connections are derived in accordance with EN 26891 [44]. The 277 

trends in Figs. 9 and 10, together with the data of Tables 2 and 3, show the possibility of creating steel-timber 278 

collaborating systems for in- and out-of-plane composite actions. 279 

[Fig. 9.] 280 

[Fig. 10.] 281 

[Fig. 11.] 282 

[Tab. 2.] 283 

[Tab. 3.] 284 

6.1 Set of connections I 285 

Considering connection set I, first of all, it is possible to observe that no connections were interested by a brittle failure 286 

before achieving a relative slip of about 10 mm. Within this level of deformation, the behaviour is basically ductile even 287 

though there is a high loss of load bearing capacity in connection I-B-4. The failures observed in the A- and C-type 288 

connections, as well as in cases I-B-1 and I-B-2, are mainly associated with the shear-tensile failure of screws or 289 

threaded bars. Specifically, the observed local ruptures of connectors are the tearing-off of the screw head or net shear-290 

tension failure at the base of the bars. In the other B-type cases, the connections offer a consistent bearing capacity, 291 

about 50% of the maximum recorded load, also for large deformations, regardless of the failure detected in the contact 292 

surface between the resin and the steel element. Some representative failure modes observed during the tests are 293 

illustrated in Fig. 12. 294 

[Fig. 12] 295 

From the tested specimens, it is simple to show that the join configurations between I-B-5 and I-B-9 are stiffer than 296 

other cases. The related maximum recorded loads regarding the mentioned configurations vary in the range between 297 

about 170 and 250 kN. Such connections work with a shear mechanism which develops between the surfaces of steel 298 

and timber parts and the epoxy-base resin. In the other cases of B-type connections, instead, the resistant mechanism is 299 

provided by compression between the steel and timber parts and the epoxy-resin. These tests show better mechanical 300 

properties of B-type connections in shear deformation mode. With specific attention to the connections made with steel 301 

bars, in join configuration I-B-1, I-B-2 and in I-C-1, I-C-2, the load-bearing capacity is limited by the steel bar cross-302 

section resistance, regardless of the resulting resisting mechanism. Furthermore, observing connections I-A-6 and 7, 303 

with their analogous solutions I-C-1 and 2, which respectively differ in the use of epoxy resin, there is a consistent 304 

increase of stiffness and the estimated yield load is about twice. Paying attention to the A-type mechanical solutions, the 305 

use of screws appears more attractive than the use of steel bars, especially if screws are inserted in the timber panels 306 

with an inclination angle between the screw axis and the grain direction of CLT panels. Indeed, I-A-3 exhibits the 307 
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highest stiffness value of connections covered in the A-type subgroup. An interesting case is represented by join 308 

configurations I-A-2 and I-A-8, which have very similar mechanical properties. However, connections I-A-8 require an 309 

accurate installation process and the minimum pitch between these devices is higher than in the case with screws. 310 

In the out-of-plane behaviour perspective, independently of the configuration type, B-type connections appear more 311 

attractive than other solutions. Considering Table 2 and the trends of Fig. 9, the best solution to build composite steel-312 

timber floor elements is the I-B-7. Such connection ensures a higher bearing capacity compared to that of the other 313 

solutions, in addition to a high slip modulus (rise approximately up to 400 kN/mm) and a good ductility capacity. The 314 

latter provides the composite system with a load redistribution capacity within connections when yielding occurs. It is 315 

therefore possible to develop steel-timber composite systems that behave in a ductile fashion ([46,47]). 316 

Table 2 shows the estimated main mechanical properties and the values of minimum connector spacing, considering the 317 

geometrical dimensions of the mechanical connectors and devices. The connector pitch complies with the requirements 318 

of Eurocode 5 [37] and DIN-1052 [48]. The mechanical properties are defined as recommended in EN 12512 [45], but 319 

assuming a slip limit of 15 mm instead of 30 mm. The composite efficiency defined in Eq. 1 was evaluated assuming a 320 

composite structure made of 100 mm thick CLT panels, steel beams with HE150-shaped section in accordance with the 321 

European wide flange sections, a distance of 1.2 m between the beams and connectors arranged using the minimum 322 

allowed spacing of Table 2. The materials have the mechanical characteristics as reported in Section 5. 323 

 324 

0

0

EJEJ

EJEJ eff








  Eq. (1) 

 325 

In Eq. 1,  is the composite efficiency, EJeff is the effective stiffness of the composite system with semi-rigid 326 

connections, EJ∞ is the stiffness in the case of a perfectly rigid composite system, while EJ0 is the stiffness in the case of 327 

a system without connections between the elements. The effective stiffness was evaluated using the design formulas in 328 

Eurocode 5 [37]. 329 

In the case of “full-dry” A-type connections it is not generally advantageous to create a composite section, except in the 330 

particular cases of connection types I-A-1, I-A-2 and I-A-3. Indeed, structural efficiencies are less than 0.5 except for 331 

connections I-A-1, I-A-2 and I-A-3 in which the efficiency can rise up to 0.68. In the design phase, it is also possible to 332 

use an inclination of screws different from that used in tests, in order to maximise the mechanical performance of the 333 

connectors [41,49,50]. 334 

In the evaluation of the bending behaviour of the composite systems, it is also important to consider the residual slip (r) 335 

due to the variation in the applied loads in service conditions. The cyclic tests performed by loading and unloading the 336 
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specimens simulated such conditions (Fig. 10). Independently of the load level, the B- and C-type connections appear to 337 

be more suitable to develop composite sections, because they allow the total deformation to be recovered when the load 338 

is removed (r<0.1 mm). The recorded residual slip of connection I-A-2 is also acceptable, while the residual slips of I-339 

A-1 and I-A-3 connections significantly exceed the conventional limit value of 0.1 mm. Therefore, when designing the 340 

connections with screws, it is recommended to avoid as much as possible the embedment and tearing out of wood fibres 341 

of I-A-1 and I-A-3 connections, respectively, and rather force the breakage in the screws as happens for the I-A-2 342 

configuration. 343 

Generally, when the flexural collaboration between the elements is not the main issue, the mechanical devices I-A-1, I-344 

A-2 and I-A-3 are a better choice to transfer shear forces between the elements. In particular, in connections made using 345 

screws, CLT panels are not arranged by creating holes or openings. The final assembled floor component is made by 346 

joining a rough CLT panel with a wrought steel beam. In all the other cases, the CLT panels were properly arranged, 347 

creating holes or openings following a specific pattern. 348 

Part II [20], reported in the companion paper, will explain other aspects related to the cyclic and hysteretic behaviour of 349 

the connections. Particular attention will be paid to the possibility of development of a diaphragm behaviour of floors 350 

and of hybrid bracing walls with dissipative capacity. 351 

6.1 Set of connections II 352 

With reference to connection Set II, Fig. 11 shows eight different force-slip (F-δ) response curves, grouped on the basis 353 

of the main stress on the connectors. Table 3 summarises the main data recorded from the tests. The curves in Fig. 11a 354 

refer to laterally-loaded screws, and Fig. 11b to the case of screws subject to composite shear-tensile stresses. In the 355 

figures, the solid lines relate to the behaviour of the connections where the friction occurs at the edge surfaces of the 356 

CLT panels (T1), while the dotted lines are used for the cases without friction (T2). The latter situation was created by 357 

inserting a teflon layer between the timber surfaces at the edges of the panels. The tests mainly regard an in-plane load 358 

configuration, which is typical of slabs that offer bracing capacity. 359 

The trends of load-slip curves highlight that the load-carrying capacity is affected by friction. The friction effect is a 360 

function of the force applied perpendicularly to the slip plane. This force is strictly related to the insertion angle of 361 

screws and can increase the load capacity by about 40% as per case II-D-1. Indeed, the non-balanced force acting 362 

between the panel edges and perpendicular to the slip plane increases as the axial stress component in screws rises. The 363 

stiffness is less sensitive to the friction effect and the maximum evaluated difference is approximately 25% (II-D-4). 364 

In any case, the stiffness values for panel-to-panel connections are compatible with those of beam-to-panel connections 365 

with screws (I-A-1, I-A-2 and I-A-3), despite the different joint configuration. This is not true for the other B- and C-366 

type connections. Based on this fact, the contribution of beam-to-panel and panel-to-panel connections together should 367 
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be considered in the design of composite systems, such as diaphragms or shear walls. Considering the in-plane stiffness 368 

of floors as the main issue, the configuration II-D-4 appears to be the best solution. It is possible to define a floor 369 

configuration to maximise the external load distribution capacity. Otherwise, a suitable deformation capacity can be 370 

reached for the case of shear walls by placing screws according to the configuration II-D-1 and II-D-2 (Table 3). In Part 371 

II, reported in the companion paper [20], there will be a more detailed description of each aspect of the cyclic/oligo-372 

cyclic response of the panel-to-panel connections with crossed screws. 373 

7. Hybrid steel-timber prefabricated solution: a promising prospect 374 

Hybrid structures made of steel elements and CLT wood-based panels allow the construction of lightweight and highly 375 

industrialized buildings. Such a construction technology permits the design of open space structures in which the 376 

construction elements are quickly and accurately joined using mechanical “full-dry” devices, therefore working 377 

effectively also in harsh climatic conditions. Furthermore, components or structural parts can be easily replaced, 378 

restored or recycled during the building lifetime. 379 

With reference to the stability against lateral loads, hybrid systems with steel frames and CLT wood-based panels are 380 

typically as light as timber-timber mixed construction systems. However, they can take advantage both of the intrinsic 381 

deformation capacity of the steel elements and the use of mechanical fastening devices. Furthermore, since steel-timber 382 

hybrid structures are joined using special dry devices, they do not require either casting concrete on site or on site 383 

completion of precast concrete elements, as commonly required by heavy hybrid timber-concrete construction systems. 384 

This work, in Parts I and II, reports on a study carried out on different joining solutions for the implementation of 385 

hybrid steel-timber prefabricated systems. Several tests on different connections were presented in this first Part, both 386 

for timber-to-timber and steel-to-timber configurations. Some connections are specific to composite sections, while 387 

others are used to fasten the plain CLT panels all together and to then connect these to the main steel frame. Based on 388 

these preliminary tests, connections I-A-3, I-B-7 and II-D-4 have been selected for the implementation and prototyping 389 

of the floors. A different structural role is considered for each connection type: I-A-3 connectors used to join CLT 390 

panels with the steel frames, I-B-7 connectors used to build steel-timber composite systems such as prefabricated floor 391 

elements, while II-D-4 connectors are used to join together the prefabricated elements at the panel edges. In order to 392 

make the dissipative bracing walls sufficiently stiff and strong in their main plane, the recommended connections are I-393 

A-1, II-D-1, and II-D-2. Such connections allow a quick joining of components on site and provide a good inelastic 394 

deformation capacity. Part II will report in more depth on the response of the connections, with particular reference to 395 

the static and seismic behaviour of hybrid steel-timber structures. 396 
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Figures 534 

Fig. 1. (a) 3D axonometric section of the building; (b) Architectural (left) and structural (right) plan of the reference 535 

building. 536 

Fig. 2. Construction system with mounting sequence of the hybrid steel-timber prefabricated components. 537 

Fig. 3. Behaviour of hybrid steel-timber floors; (a) out-of-plane and (b) in-plane response. 538 

Fig. 4. Connections for hybrid steel-CLT floors and shear walls; (a) beam-to-panel connections (b) panel-to-panel edge 539 

connections. 540 

Fig. 5. Drawing of specimens for (a) beam-to-panel connections and (b) panel-to-panel connections. 541 

Fig. 6. Assembling process of some specimens. (a) Specimens restrained to the work-bench, (b) pouring of epoxy-based 542 

resin into the hole, (c) application of a controlled tightening torque to a bolt, (d) self-tapping screws inserted 543 

transversally into CLT elements. 544 

Fig. 7. Test setup and reaction frame (a); instrumentation layout for beam-to-panel connections (b) and panel-to-panel 545 

connections (c). 546 

Fig. 8. Load protocols for (a) monotonic tests and (b) cyclic tests. 547 

Fig. 9. Force-slip curves of the beam-to-panel connections. 548 

Fig. 10. Force-slip cyclic curves of the beam-to-panel connections with estimated residual slip (r). 549 

Fig. 11. Force-slip monotonic curves of the panel-to-panel connections. 550 

Fig. 12. Observed characteristic failure modes for the tested beam-to-panel connections. 551 

 552 
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 558 

Tables 559 

Table 1 560 

Dimensions of the connectors with related mechanical characteristics, as used in the tests. 561 

Table 2 562 

Main test results for the different tested beam-to-panel connections. 563 

Table 3 564 

Main results of the tested panel-to-panel connections. 565 
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Connections for steel-timber hybrid prefabricated buildings. 

Part I: Experimental tests 
by Cristiano Loss, Maurizio Piazza, Riccardo Zandonini 

 
Table 1 

Dimensions of the connectors with related mechanical characteristics, as used in the tests. 

 
  

I-A-1 | I-A-2 | I-A-3 I-A-4 | I-A-7 | I-C-2

I-A-5 | I-A-6 | I-C-1

I-B-1 | I-B-2 I-A-8 | I-A-9

I-B-3I-B-4 I-B-5 | I-B-6 | I-B-7 | I-B-8 | I-B-9

fy,s=900 N/mm2 , tw=100 mm

I-A-2

11

150

115

5

45

4

ds (mm)

Ls (mm)

Lt (mm)

tp (mm)

α ( )

ns

ds=11 mm, fy,s=900 N/mm2, td=15 mm, 

tf=9 mm, fy,b=355 N/mm2, dd=180 mm,

α=45 , hb=140 mm

I-A-4

150

115

100

16

8

I-A-7

100

65

80

24

8

I-C-2

100

65

80

24

resin

8

tw=100 mm, db=16 mm,

fy,b=355 N/mm2,

tf=9 mm, hb=100 mm, 

epoxy-based resin

dr=115 mm, db=24 mm,

hb=140 mm, fy,b=355 N/mm2,

tf=9 mm

tw (mm)

I-A-9

60

fy,s=900 N/mm2, tw=100 mm,

db=16 mm, hb=140 mm, tf=9 mm,

fy,b=355 N/mm2

I-A-6

11

150

115

5

45

100

100

4

I-A-5

8

100

52

10

90

150

250

4

I-C-1

11

150

115

5

45

100

100

resin

4

dc=60 mm, hc=70 mm, 

tf=9 mm, tw=100 mm, 

epoxy-based resin

tw=100 mm, db=24 mm,

hb=120 mm, Lp=200 mm, 

Bp=100 mm, tp=5 mm,

to=20 mm, fy,b=355 N/mm2,

tf=9 mm, epoxy-based resin I-B-7

6

15

I-B-6

6

15

I-B-5

6

10

Lp=200 mm, hp =95 mm, 

tw=100 mm, tf=9 mm,

epoxy-based resin

I-B-8

6

I-B-9

12

I-A-3

11

150

115

30

45

4

fy,s screw yield strength, tw wood thickness, tf flange beam thickness, ds screw diameter, Ls screw length, Lt threaded length of 

screws, tp plate thickness, α angles of insertion of screws, dd external diameter of disk, td disk thickness, db bar diameter, hb bar 

length, fy,b bar yield strength, dr Geka external diameter, Lp plate length, Bp plate width, hp plate height, dc external pipe diameter, 

hc pipe length, to thickness of opening, ns number of installed screws

Note

Ls Ls

Ls

Lp

hp

I-A-1

8

100

52

5

90

2

Ls (mm)

Lt (mm)

tw (mm)

db (mm)

ns

I-A-8

100

ds (mm)

Ls (mm)

Lt (mm)

tp (mm)

α ( )

Bp (mm)

Lp (mm)

ns

tp (mm)

holes

tp (mm)

Lt

ds α

tp

tw

Lt

ds

dd

td

tf

tw

hb

db

tf

tw hb

db

dr

db

tf

tw

hb

tf

tw

tp

tf

tw

hb

db

tp

dc

hc tf

tw

tf

tw

hb

db

Lt

ds Lp

Bp

tp

α

α

in all specimens in all specimens in all specimensin all specimens

in all specimens in all specimensin all specimens in all specimens

Lp

Bp

E1 E1 E2

E3

E2/E3

Note

I-B-8: plate with rough surface

I-B-9: plate with welded 

elements

Note

E4 in horizontal disposition

E4

E4

Note

I-B-1: half-threaded bar

I-B-2: full-threaded bar

Note

I-A-8: single Geka (E2)

I-A-9: double Geka (E2-3)

to

40*

30*

40*

30*

30*

50*

20*

*in mm*in mm *in mm



Table 2 

Main test results for the different tested beam-to-panel connections. 

 

ID Ki
 
(kN/mm) 

F (kN) 
 

δ (mm) 
 η s (mm) 

Fy FM Fu  
δy δM δu δL,u 

I-A-1 8.2 16.8 21.84 21.45 
 

2.1 12.47 15.00 0.24 7.3 0.53 40 

I-A-2 28.1 47.4 57.97 54.86 
 

1.7 8.44 11.33 0.23 6.7 0.66 80 

I-A-3 31.0 43.7 50.32 41.06 
 

1.4 3.24 15.00 0.28 10.6 0.68 80 

I-A-4 1.8 ** 27.39 27.39 
 

** 15.00 15.00 0.14 ** 0.04 275 

I-A-5 4.8 7.6 18.53 18.53 
 

1.6 15.00 15.00 0.00 9.4 0.16 140 

I-A-6 6.0 17.9 24.26 23.91 
 

3.0 13.56 15.00 0.03 5.1 0.11 265 

I-A-7 10.0 26.0 37.42 37.42 
 

2.6 15.00 15.00 0.34 5.8 0.19 240 

I-A-8 24.6 49.7 59.47 59.13 
 

2.0 9.42 15.00 0.19 7.4 0.28 345 

I-A-9 18.0 43.5 62.33 62.33 
 

2.4 15.00 15.00 0.01 6.2 0.23 345 

I-B-1 43.4 30.3 36.84 35.30 
 

0.7 13.62 15.00 0.26 21.4 0.75 80 

I-B-2 64.4 32.5 36.55 35.87 
 

0.5 4.36 10.93 0.16 21.9 0.82 80 

I-B-3 126.6 93.6 109.92 94.70 
 

0.7 2.60 15.00 1.81 20.3 0.70 300 

I-B-4 515.3 108.4 171.36 137.09 
 

0.2 1.80 5.16 1.21 24.6 0.83 600 

I-B-5 480.7 190.1 209.92 204.26 
 

0.4 9.29 15.00 0.26 37.5 0.92 230 

I-B-6 309.5 139.3 167.36 136.06 
 

0.5 8.11 15.00 0.52 33.3 0.88 230 

I-B-7 372.4 207.2 243.76 195.01 
 

0.6 6.43 14.61 0.51 17.7 0.90 230 

I-B-8 402.2 165.3 177.38 163.62 
 

0.4 4.38 15.00 1.18 36.6 0.91 230 

I-B-9 308.7 117.3 145.88 122.78 
 

0.4 2.98 15.00 1.14 39.5 0.87 260 

I-C-1 52.4 36.1 38.50 38.50 
 

0.7 10.24 10.24 0.03 14.8 0.52 265 

I-C-2 60.7 60.7 71.26 71.26 
 

1.0 15.00 15.00 0.35 15.0 0.59 240 

ID, connector identifier 

Ki, initial slip modulus according to EN 12512 

Fy, yield load according to EN 12512 

FM, maximum recorded load within a slip of 15 mm 

Fu, ultimate load, the load at the ultimate slip 

y, yield slip according to EN 12512 

M, slip at maximum load 

**Case with no yielding point within 15 mm 

 u, ultimate slip defined as the slip matching the minimum between 

the failure load and the 80% of maximum load, anyway not greater 

than 15 mm 

L,u, average lateral opening between the steel and timber elements 

, slip ductility of the connection evaluated as the ratio between the 

slip at the ultimate and yield load 

η, structural efficiency of the connection assuming the minimum 

allowed spacing 

s, minimum spacing for connections according to Eurocode 5 and 

DIN 1052 

  



Table 3 

Main results of the tested panel-to-panel connections. 

 

ID 
Ki

 

(kN/mm) 

F (kN) 

 

δ (mm) 
 s (mm) 

k 

(kN/mm)/m Fy FM Fu δy δM δu 

II-D-1-T1 3.0 26.2 26.94 26.77 
 

7.9 24.75 30.00 3.8 65.00 45.4 

II-D-1-T2 2.6 12.3 19.22 19.22 
 

4.2 30.00 30.00 7.2 65.00 39.7 

II-D-2-T1 4.0 12.7 18.58 18.58 
 

2.8 30.00 30.00 10.7 65.00 59.6 

II-D-2-T2 3.9 11.8 16.52 16.52 
 

2.8 30.00 30.00 10.9 65.00 58.5 

II-D-3-T1 8.9 14.3 20.59 19.05 
 

1.5 8.61 15.00 10.3 205.00 35.7 

II-D-3-T2 7.9 13.4 19.28 18.66 
 

1.7 10.41 15.00 8.7 205.00 31.6 

II-D-4-T1 6.1 23.3 27.16 26.04 
 

3.5 10.18 15.00 4.2 260.00 18.4 

II-D-4-T2 8.3 17.8 22.60 22.39 
 

2.0 13.00 15.00 7.4 260.00 25.0 

ID, connector identifier 

Ki, initial slip modulus according to EN 12512 

Fy, yield load according to EN 12512 

FM, maximum load within 30 mm for configurations II-D-1 and 

2, within 15 mm for configurations II-D-3 and 4 

Fu, ultimate load within 30 mm for configurations II-D-1 and 2, 

within 15 mm for configurations II-D-3 and 4 

y, yield slip according to EN 12512 

 

M, slip at maximum load 

u, slip at ultimate load 

, slip ductility of the connection evaluated as the ratio between 

the slip at the ultimate and yield load 

s, minimum spacing for screws according to Eurocode 5 

k, joint stiffness per meter placing screws with the minimum 

allowed spacing 
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Fig. 1. (a) 3D axonometric section of the building; (b) Architectural (left) and structural (right) plan of the reference building. 
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Fig. 2. Construction system with mounting sequence of the hybrid steel-timber prefabricated components. 
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Fig. 3. Behaviour of hybrid steel-timber floors; (a) out-of-plane and (b) in-plane response. 
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Fig. 4. Connections for hybrid steel-CLT floors and shear walls; (a) beam-to-panel connections (b) panel-to-panel edge connections. 
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Fig. 5. Drawing of specimens for (a) beam-to-panel connections and (b) panel-to-panel connections. 
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Fig. 6. Assembling process of some specimens. (a) Specimens restrained to the work-bench, (b) pouring of epoxy-based resin into the 

hole, (c) application of a controlled tightening torque to a bolt, (d) self-tapping screws inserted transversally into CLT elements. 
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Fig. 7. Test setup and reaction frame (a); instrumentation layout for beam-to-panel connections (b) and panel-to-panel connections 

(c). 
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Fig. 8. Load protocols for (a) monotonic tests and (b) cyclic tests. 
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Fig. 9. Force-slip curves of the beam-to-panel connections. 
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Fig. 10. Force-slip cyclic curves of the beam-to-panel connections with estimated residual slip (r). 

  

0

3

6

9

12

15

0,00 0,12 0,24 0,36

0

4

8

12

16

20

0,00 0,16 0,32 0,48

0

6

12

18

24

30

0,00 0,24 0,48 0,72

0

8

16

24

32

40

0,00 0,32 0,64 0,96

0

1

2

3

4

5

0,00 0,04 0,08 0,12

(a)

0

40

80

120

160

0,00 0,16 0,32 0,48

0

30

60

90

120

0,00 0,12 0,24 0,36

0

20

40

60

80

0,00 0,08 0,16 0,24

0

15

30

45

60

0,01 0,07 0,13

0

5

10

15

20

0,00 0,02 0,04 0,06

I-A-1 I-A-2 I-A-3 I-A-6 I-A-7I-A-4 I-A-5 I-A-8 I-A-9

0

8

16

24

32

40

48

0,0 8,0 16,0 24,0

0

6

12

18

24

30

36

0,0 6,0 12,0 18,0

0

4

8

12

16

20

24

0,0 4,0 8,0 12,0

0

3

6

9

12

15

18

0,0 3,0 6,0

0

1

2

3

4

5

6

0,00 1,00 2,00 3,00

δr=0.25 mm

δ (mm)

δr=0.04 mm δr=0.27 mm δr=2.63 mm δr=13.69 mm δr=3.19 mm δr=1.98 mm δr=0.64 mm δr=2.75 mm

(a) Mechanical connections (dry)

(b) Glued connections

(c) Mixed connections

I-B-1 I-B-2 I-B-3 I-B-6 I-B-7I-B-4 I-B-5 I-B-8 I-B-9

δr=0.01 mm δr=0.01 mm δr=0.05 mm δr=0.02 mm δr=0.01 mm δr=0.03 mm δr=0.01 mm δr=0.01 mm δr=0.01 mm

I-C-1 I-C-2

δr=0.02 mm δr=0.13 mm

δ (mm) δ (mm) δ (mm) δ (mm)

δ (mm) δ (mm) δ (mm) δ (mm) δ (mm)

δ (mm) δ (mm) δ (mm) δ (mm) δ (mm)

F (kN) F (kN) F (kN) F (kN) F (kN)

F (kN) F (kN) F (kN) F (kN) F (kN)

F (kN) F (kN) F (kN) F (kN) F (kN)

*C-5% FM *C-15% FM *C-20% FM *C-30% FM *C-40% FM

*B-5% FM *B-15% FM *B-20% FM *B-30% FM *B-40% FM

*A-5% FM *A-15% FM *A-20% FM *A-30% FM *A-40% FM

* * * * *

* * * * *

* * * * *



 
Fig. 11. Force-slip monotonic curves of the panel-to-panel connections. 
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Fig. 12. Observed characteristic failure modes for the tested beam-to-panel connections. 
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