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Design methods of timber-concrete composite ceiling structure
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Abstract. Timber-concrete composite structural members are increasingly used in the case of
restoration of wooden ceilings. In the other hand, their use also increases in the case of new buildings.
Design methods of the composite structures have been evolving since their first use. This expressive
evolution of design methods is related to extensive research in this area in last three decades. This paper
presents basic information about realisation, experimental and numerical analysis of timber-concrete
composite ceiling with nail connections. The design of the mentioned ceiling was realised according to
the relevant standards and recommendations in that time. The paper also presents a comparison
between the design results of this composite ceiling and deflections measured during experimental short
term loading process with the currently widely used analytical calculation model, so called y-method. This
method takes into account the joint compliance of the used nails. In addition, creep behaviour of used
materials and concrete shrinkage were implemented in this calculation model. Comparison of the
numerical and experimental results shows, that the current method better reflects the real stiffness of the
ceiling structure. On the base of mentioned calculation model, the final deformation of the ceiling was
also predicted.

AHHOTauusa. [lpy BOCCTAHOBIEHUMM [OEPEeBSAHHbIX MNOTOSMOYHLIM  KOHCTPYKUMA BCe Yalle
NCNONb3YyTCA OPEBOXENE300€TOHHbIE KOMMO3UTHbIE 3neMeHTbl. C Apyron CTOPOHbI, UX UCMOMb30BaHME
Takke YBenuuMBaeTCHd Mpu CTPOUTENbLCTBE HOBbIX 3A4aHun. MeToabl MPOEKTUPOBaHUS KOMMO3UTHbLIX
KOHCTPYKLIMIA 3BOSMIOLMOHMPOBANIN C MOMEHTAa X NMEPBOro UCMONb30BaHNA. 3Ta 3HaAYMTENbHAsA 3BONOLNSA
METOOO0B NPOEKTMPOBAHMWS CBSI3aHa C OOLUMPHBIMY UCCNE0BaHMAMM B 9TOM 0OnacTu 3a nocnegHue Tpu
jecatunetns. B paHHOM cTaTbe npeAcTaBneHa OCHOBHas WHdopMauvss O  nposedeHuu,
3KCNEepPUMEHTaNnbHOM W YUCIIEHHOM aHanuM3e [epeBsiHHOro KOMMO3WTHOro MOoTorka C rBO34EBbIM
coeguHeHnem. KoHCTpykuus gaHHOro moTosnka Obina BbIMOMHEHA B COOTBETCTBMM CO CTaHapTaMu U
pekoMeHAauusMu, OeWCTBYIOLWMMN Ha MOMEHT MNPOEKTUPOBaHMA. Takke npeacTaBfeHo cpaBHeHue
MPOEKTHbIX pe3ynbTaToB AaHHOro MoTorika M NporMboB, M3MEPEHHbIX BO BPEMS 3KCMEPUMEHTANbHOMO
KpaTKOCPOYHOro npouecca 3arpysku, C LUMPOKO UCNONb3yeMOW B HacTosilee BpeMs aHanuUTU4eckon
MOZENbIO pacyeTa, Tak Ha3blIBaEMbIM Y-METOAOM. DTOT METOA YYUTbIBAET COOTBETCTBME UCMONb3YEMbIX
reosgen. Kpome Toro, B 9TOM pacyeTHOM Mogenuy Obinn yuTeHbl NON3y4ecTb UCMONb3yeMbIX MaTepmarnonB
n ycagka ©OeToHa. CpaBHEHME YMCMEHHBLIX W 3KCMEPUMMEHTAamNbHbIX Pe3ynbTaToOB MOKa3blBaeT, 4TO
TEKYLUMA MEeTOA nydle oTpaKaeT pearnbHYl >XeCTKOCTb MOTOMOYHOW KOHCTpyKumMu. Ha ocHoBe
YKa3aHHOW pacyeTHON Moaenv Takke Obina npefckasaHa OkoHYaTenbHasa aedopmaums noTorska.

Introduction

Composite timber-concrete structures are created by joining several materials with different
mechanical and physical properties. First attempts to join timber and concrete were made in the 20ies
and 30ies of the last century. The first patent in this field was registered in Germany by Otto Schaub in
1939 [1]. In 1960, bearing structure of timber ceiling was strengthened as a part of the reconstruction of a
historic building in Bratislava — Slovakia by joining timber beams with concrete slab using nails [2]. As a
result, in 1966, Jozef PoStulka was granted a patent. Later in the 80ies, increased interest in the
composite timber-concrete structures has been recorded. The development progressed especially in the
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field of shear connectors, which resulted in a wide range of joining systems. In the next period, this
structural system began to be used not only for renovation of old buildings, but increasingly also in new
buildings because of the favourable structural and physical properties.

In the case of the timber part of the ceiling, beams with rectangular cross-sections, eventually solid
wood planks are the most commonly used. The use of logs is not excluded [3], especially when used for
temporary bridges and bridges on forest roads. It is, of course, possible to couple flat wood-based
materials, such as vertical laminated nailed boards [4], glued laminated timber [5], cross laminated timber
(CLT) [6, 7], eventually using of more resistant materials, such as laminated veneer lumber (LVL) [8].

The choice of concrete type depends on the size of the load. In usual ceilings and bridge
constructions of smaller spans, it is possible to design concrete slabs not only from conventional concrete
mixtures (from C12/25 to C50/60), but also from lightweight concrete (LC8/9 up to LC45/50), [6, 9]. For
higher load sizes and larger spans, different types of high-grade concrete can be used, [10]. Usually, if
the entire concrete layer is in the compressed area, strengthening of the concrete by means of main
bearing reinforcement is not necessary. In order to reduce the shrinkage cracks, it is possible to use a
structural reinforcement in two directions, eventually, fibre reinforced concrete can be also used [4 and
11]. Shrinkage of the concrete significantly affects the strain of composite timber-concrete elements [12],
therefore, the ingredients that reduce the concrete shrinkage can be considered. Another possibility of
reducing the undesirable influence of concrete shrinkage can be prefabrication of the concrete slab and
subsequent coupling with the timber part using suitable connection means [13] or by gluing [10, 14].

The insuring of composite action between the concrete slab and timber elements can be provided
by mechanical or glued connection. In the case of less exposed structures of smaller spans, it is
economically advantageous to use dowel-type mechanical shear connectors, such as nails [2, 15].
However, the higher stiffness of coupling can be achieved using a pair of screws in the arrangement at
an angle of 45° [16, 17]. The choice of shear connectors, their dimensions, their number and spacing
depend on the shear force size in the chink between the wood and the concrete. In the case of joining flat
wood-based materials, such as vertically laminated boards, the use of groove joints is appropriate [4, 18,
19]. In this case, the transmission of the shear force in the chink is mainly given by the shear strength of
the concrete. The highest stiffness of the coupling can be achieved by gluing [5, 14, 20]. Epoxy
adhesives allow bonding not only hardened concrete slab with the timber elements, but also to bond
fresh concrete with an epoxy bonding agent. Besides the above mentioned, there are a large number of
different shear connectors, such as perforated belts, steel strips with pressed mandrels, grooves in
combination with pin joints, various heavy coupling systems for heavy loads for joining the prefabricated
concrete slabs [13, 21, 22].

Number of methods were developed for calculation of composite structures. Historically, first used
method was the method of idealized cross-section, based on modification factor n [2]. In this method, the
composite action is considered as ideal rigid. Over the time, many researches and realized constructions
proved, that the composite action using conventional dowel-type mechanical shear connectors can not be
considered as ideal rigid, particularly in terms of element deflection. In the 60ies, Mohler [23] derived a
calculation model of mechanically jointed timber beams with flexible connection. This method has proven
to be appropriate and sufficient for the calculation of composite timber-concrete elements [17]. In the next
period, the behaviour of these composites under long-term loading has been investigated and several
rheological models have been proposed [16, 24, 25]. In addition to analytical and finite element methods,
probabilistic methods based on probabilistic deterioration models are also being developed in this area
[26].

From the above presented literature review is evident, that the possibilities and methods for design
and calculation of these types of composite structures are very extensive. Therefore, within the presented
research, the most common and most affordable type of timber-concrete composite ceiling was selected.
The main idea of the realised research was to verify and confront the experimentally measured values
with the results, obtained using various design methods.

In this paper, numerical and experimental analysis and results of realised timber-concrete
composite ceiling with nail connections are presented. The design of the mentioned ceiling was realised
according to the relevant standards and recommendations in that time. The paper also presents the
comparison between the design results of this composite ceiling and deflections measured during
experimental short-term loading process with the currently widely used analytical calculation model, so
called y-method.
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Realisation, Methods and Calculation Models

Realisation of the composite ceiling structure

Timber-concrete composite slab was realised within a construction having rectangular shape of
dimensions 30x12 m. Two external and one inner walls with spans 2x6 m created the vertical bearing
system of the structure. Two-span continuous steel beams, spaced by 3.0 m, were set on the bearing
walls. These beams created the main bearing system of the ceiling. At the same time, the steel beams
provided a system for transfer of horizontal forces from the roof truss structure. The cross-section of
timber beams had a dimensions 120x140 mm. These beams, axially spaced by 805 mm (Figs. 1, 2a),
were lying onto the lower flange of the steel beams. The timber beams were covered by 25 mm thick
boards, placed perpendicularly to the beams and fixed to them by nails. In the calculation, timber of
strength 10 MPa and Young’s modulus 10 000 MPa was considered.

120, 685 120,

Figure 1. Layout scheme of the ceiling elements

Before hammering nails of dimensions 180/6.3 mm, holes were bored into the timber beams by
means of prepared steel pattern plate to prevent the wood cleavage. Borer of diameter 5.5 mm was used
to bore holes 80 mm deep, so that 1/3 of the nail length was hammered into the non-bored wood and the
nail would protrude from the board by 40 mm.

After hammering the nails, welded net reinforcement was placed and the concrete slab of 60 mm
thickness was poured (Fig. 2b). After concrete hardening the reinforced concrete slab started to act as a
composite timber-concrete ceiling structure. In the calculation, concrete of strength 11.5 MPa and
Young’s modulus 27 000 MPa was considered.

Figure 2. a) Layout of steel and timber elements, b) View during realization

Short-term loading test

Deflections of the timber beams were measured in the centre of their span and on the steel beams,
in the placing spot of the timber beams. The measurement was carried out using mechanical indicators,
as shown in Figure 3a.

Concrete roof tiles were used to create the load for the short-term loading test. The weight of one
roof tile is 4.5 kg. The roof tiles were laid in nine rows in the direction of timber beams and in five rows in
direction perpendicular to timber beams. By this way, an uniform load was created on an area of 3x2.4 m.
The position of the load is illustrated in Figure 3b.

Before starting of the loading test, initial values on the deflection indicators were recorded and
considered in the evaluation of final results. In the first stage, the loading test started with five layers of
roof tiles uniformly spread onto defined area (3x2.4 m), which represents the load of 1.406 kN/m? and
1.132 kN/m uniform load on the monitored beam. The load was gradually increased by adding roof tiles
layers as shown in Fig. 3b. In the final loading stage, the load reached a value of 6.48 kN/m2, which
represents 5.216 kKN/m uniform load on the monitored beam. The measured deflections are presented in
Figure 5.
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a)

Figure 3. a) Set-up of the mechanical indicators, b) Process of loading

Calculation models and methods

Mentioned composite ceiling structure was designed according to relevant, in that time valid
recommendation [2], i.e. method of idealized cross-section, based on modification factor n. For the
verification of obtained results, 3D finite element model was created with consideration of the core and
bases of this method. After the implementation of y-method into new valid standards [27], calculation of
the ceiling was carried out using this method to compare the old and new results.

Idealized cross-section method

In this method, the composite cross-section is replaced by timber cross-section with moment of
inertia I, equated to moment of inertia of the original cross-section, taking into account the rigid
connection between timber and concrete. Moment of inertia of the idealized cross-section is calculated
according to following equation:

Ii:It+Ataf+n(Ic+AcaC2), (@H)

where l; — moment of inertia of idealized cross-section, Ic — moment of inertia of concrete part, I —
moment of inertia of timber part, Ac — cross-sectional area of concrete part, A; — cross-sectional area of
timber part, a; — the distance between the centre of gravity of timber part and idealized cross section, ac —
the distance between the centre of gravity of concrete part and idealized cross section, n — modification
factor defined as:

n=E,/E,. @)

where E: — Young’s modulus of elasticity of concrete in bending, E: — Young’s modulus of elasticity of
timber.

Equations for calculation of normal and shear stress distribution can be found in [2, 4]. For the
design of composite timber-concrete elements, serviceability limit state is often the determining.
Deflection, caused by the considered short term loading é can be calculated as:

_ 5 gt
384 E I,

3)

Results of mentioned realized structure, calculated according to this method are presented in
Table 1. The relationship between the load and the deflection is determined as 0.284q, where q is the
loading of the ceiling in kN/m?, see Fig. 5. The stiffness of the timber formwork was disregarded in the
calculations.

Finite element modelling (FEM)

The model consisted of simply supported timber beams, timber formwork, and concrete slab in
accordance with the parameters in Chapter 2.1. Suitable software (FEAT), allowing the creation of
surface connection between timber formwork and beams was used. This software also allows the
creation of rigid far-connections between the concrete slab and the timber beams. No connections were
generated between the timber formwork and the concrete slab. Fig. 4 illustrates a part of the calculation
model. Deflections in the mid-span of the beams and stresses in the cross-section, obtained from the FE
calculation model, are presented in Figure 5 and Table 1. Results of presented model proved the
favourable effect of the timber formwork onto the general stiffness of the composite ceiling.
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i Far-connections i

Figure 4. Part of the 3D FE model of the composite ceiling

y-method

Currently, widely used analytical calculation model, so called y-method, is based on the linear
elastic solution of the simply supported timber-concrete composite beam. This method considers
interlayer slip of joined layers, caused by the flexibility of shear connectors. The effective bending
stiffness (Eler) of the simply supported composite beam according to this method, included in [27], can be
calculated as:

(E1); =E.I, +E 1, +)E ,Aa%+EAaZ, @

where y-factor is defined as:
y=f+ B AsI(K 2] 5)

where s is the spacing between the connectors, L is the span of the beam, K is the slip modulus of the
connectors.

The slip modulus K can be obtained experimentally, but some analytical equations for
determination of modulus K are included in [27]. In our case, calculated value of the slip modulus for the
ultimate limit state Ky was 6287 N/mm and for the serviceability limit state Kser was 9431 N/mm.

Equations for determination of normal stress distribution are given by [16]. Deflection, caused by
the considered short-term loading é can be calculated as:

_5 o 3
384 (El), )

Results, obtained using this method are presented in Table 1. The relationship between the load
and the deflection is determined as 0.654q, where q is the loading of the ceiling in kN/m?, see Figure 5.
The stiffness of the timber formwork was disregarded in the calculation. The effective width of the
concrete slab was considered in the calculation according to [28]. The part of concrete cross-section,
where a tensile stress arose, was not included when determining the stiffness of the composite cross-
section.

Results

The results of measured and calculated deflections in the mid-span of above mentioned realized
ceiling structure are illustrated in Figure 5.

7.0 1
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£
z 4
£ 50 -
2
= 4.0 1
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2 30; *
8 2.0 1 —@— |dealised cross-section method
3 . —&—FEM
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mid-span deflection (mm)

Figure 5. Comparison of measured and calculated values of the deflections
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Calculated values of the stresses and deflections in the mid-span according to above mentioned
methods and models are listed in Table 1. These results were determined with considering the design
loading value of 5.2 kN/m?2.

Table 1. Comparison of the results according to various calculation methods

Oc,top Ot, bottom Fs o)
(MPa) (MPa) (KN) (mm)
Idealised cross-section method 1.88 2.85 2.6 1.83
Finite element method 1.42 2.34 2.73 1.033
y-method 3.32 4.48 3.17 3.40

Oc.top iS the normal stress in the top fibres of the concrete part in the mid-span, Gt bottom is the normal
stress in the bottom fibres of the timber part in the mid-span, Fs is the maximal shear force in the
connectors.

Discussion

As mentioned, this paper deals with numerical analysis using various calculation methods, 3D
simulation and experimental measurement of already realized timber-concrete composite structure.
Obtained results from these methods [2, 15-17] are compared, confronted with the experimental
measurements and discussed in this chapter.

As shown in Figure 5, the deflections were calculated according to three methods, described in
Chapter 2.2. From the comparison of the illustrated results is evident, that the measured values are
almost identical to the values obtained from the calculation, when using y-method. Results of this
investigation prove, that y-method is enough accurate and sufficiently appropriate to be used for the
calculation of composite timber-concrete structures during short term loading.

Despite the fact that during the short term loading test higher load values were applied, mentioned
realised structure was designed in accordance with the regulations in force at that time. Design loading
value of 5.2 kN/m2 was considered for the calculation of the stresses and deflection of the composite
structure. This design value of loading is determined by the normative properties of used material to be
on the safe side.

As shown in Table 1, values of normal stresses, shear forces and deflections, calculated according
to y-method are higher than the values calculated according to other methods, which do not consider the
flexibility of shear connectors. However, presented values of normal stresses in the all cases are far from
the limit values. The reached shear forces are close to the limit values. The deflections of the structure
from the considered short-term loading meet the acceptable values.

Conclusions

The paper presents results of realized composite timber-concrete structures, obtained by
application of experimental test and different calculation methods, described in detail in Chapter 3. The
obtained results showed the appropriate sufficiency of y-method for calculation of these types of
composite structures, especially for short term loading. Presented results in the paper proved that the
composite action using the dowel-type of shear connectors can not be considered as ideal rigid. In spite
of relatively high flexibility, smooth nails are very used due to their availability.

Although the design of realized structure was carried out using methods that do not completely
describe the real behaviour of the solved composite structure, the design was conducted with a sufficient
reserve, so it is on the safe side. The design author of the mentioned structure is in a permanent contact
with the owner of the building. More than 15 years after the realization, any problems with construction
were not recorded.
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