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Abstract: With the growing importance of the principle of sustainability, there is an increasing
interest in the use of timber—concrete composite for floors, especially for medium and large span
buildings. Timber—concrete composite combines the better properties of both materials and reduces
their disadvantages. The most common choice is to use a cross-laminated timber panel as a base for
a timber—concrete composite. But a timber—concrete composite solution with plywood rib panels
with an adhesive connection between the timber base and fibre reinforced concrete layer is offered as
the more cost-effective constructive solution. An algorithm for determining the rational parameters
of the panel cross-section has been developed. The software was written based on the proposed
algorithm to compare timber—concrete composite panels with cross-laminated timber and plywood
rib panel bases. The developed algorithm includes recommendations of forthcoming Eurocode 5
for timber—concrete composite design and an innovative approach to vibration calculations. The
obtained data conclude that the proposed structural solution has up to 73% lower cost and up to
71% smaller self-weight. Thus, the proposed timber-concrete composite construction can meet the
needs of society for cost-effective and sustainable innovative floor solutions.

Keywords: wood—concrete composite; adhesive connection; plywood rib panel; floor system; floor

vibrations; cross-laminated timber; rigid connection; fibre reinforced concrete

1. Introduction

A natural renewable resource, timber, as a construction material, has a lower envi-
ronmental impact [1,2] and combines high flexural strength with low weight, which is a
significant advantage over other construction materials. However, the use of timber floors
at medium and large spans is associated with human discomfort due to the high sensitivity
of the floor to vibrations [3-6]. The combination of timber with concrete, which is a stiffer
material with high compressive strength, increases the overall stiffness of the structure [7].
Compared with classic reinforced concrete floors, timber-concrete composite (TCC) floors
significantly reduce the self-weight of floor structures and thus the dimensions of other
vertical structures and foundations [8]. According to existing studies [9], with the increase
in the span of the floor structure up to six meters, the required floor thickness of the TCC
and reinforced concrete structures is almost the same, but the self-weight load caused by
the TCC structure is more than half that of the reinforced concrete structure. Thus, it can be
concluded that the TCC floor is an effective alternative to the classic floor solutions made
of reinforced concrete [9,10]. The topicality of TCC is further confirmed by the current
development of prCEN/TS Eurocode 5: Design of Timber Structures—Structural design of
timber—concrete composite structures—Common rules and rules for buildings [11].

The most significant effect of combining two materials—timber and concrete for use in
non-seismic zones, can be obtained by providing a rigid connection between these layers.
In this way, full composite action is ensured, and both layers work as one element with one
neutral axis [12]. Given that the serviceability limit state (SLS) for structures subjected to
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the flexure is usually decisive [13,14], the full performance of the composite is of particular
importance. Full action of the composite leads to smaller deflections of the element [15] and
can ensure the concrete action only in the compressed area [16]. An adhesive connection
can provide a rigid connection between the concrete and timber layers. Currently, two
technologies for developing glued connections are known—dry and wet. The dry method
is characterised by difficulties in quality control of the glued connection. In the case of
the wet method, there is a risk of glue shifting during the placement of fresh concrete [10].
As part of developing a more rational timber—concrete composite solution, an innovative
technology producing a rigid connection between the concrete layer and the timber base
has been proposed. The proposed production method includes gluing the chips to the
timber layer (see Figure 1) and placing fresh concrete after drying the adhesive layer [17,18].

Figure 1. The proposed production method of the rigid connection between timber and concrete
layers by gluing granite chips.

In reinforced concrete bending structures, the tensile strength of the concrete is usually
neglected. The reinforcement absorbs all tensile stresses that occur during bending. In
the ultimate limit state (ULS), the concrete is cracked about 2/3 of its height [10] during
bending. Therefore, replacing this potentially cracked area with a timber cross-section in
timber—concrete composite structures is useful. Although timber is characterised by lower
strength and stiffness than steel bars, the much larger cross-sectional area can compensate
for this [10]. The forthcoming normative documents on the design of TCC structures
provide for the reinforcement of the concrete layer with continuous bars. The possible
concrete shrinkage and the provision of the required strength around the shear connection
are usually the main reasons for the need for reinforcement. The minimum concrete layer
thickness in TCC is 80 mm to provide the minimum required concrete protective layer for
bars [19]. In turn, the minimum height of the TCC panel, in this case, is 240 mm, at which
effective operation of the concrete layer is possible without subjecting the concrete to tensile
stresses. Often these material thicknesses are not determined by the load-bearing capacity
requirement of the structure. Thus, classically reinforced concrete creates unnecessary
additional self-weight, increasing the material consumption and the load on the supporting
structures. A practical alternative to traditional longitudinal reinforcement is the use
of dispersed reinforcement, which can reduce the thickness of the concrete layer and,
consequently, the self-weight of the slab. Several studies indicate the benefits of TCC
from the addition of fibres to the concrete composition [20-22]. Fibres can distribute local
stresses and prevent the spread of cracks in concrete [23-25], which is essential in the case
of timber—concrete composite. In addition to the benefits mentioned above, the possibility
of using recycled fibres also reduces global waste and CO, emissions [26,27].

There are two typical TCC solutions—a concrete layer with cross-laminated timber
(CLT) panel and a concrete layer with timber beams [28]. The TCC with timber beams is
usually used with a thick reinforced concrete layer to provide sufficient bending stiffness.
The timber beams must have a very high height to abandon the use of steel longitudinal
reinforcement while maintaining a high bending stiffness of the cross-section. Therefore,
this solution is not considered a possible design solution for the proposed sustainable TCC
structure without steel reinforcement. The TCC with CLT allows one to dispense with the
use of steel reinforcement, but massive and uneconomic cross-sections, especially at larger
spans, are formed [29]. Therefore, this research aims to optimise the structural solution of



Buildings 2022, 12, 761

30f17

the timber—concrete composite by proposing a timber—concrete cross-section with a box-
shaped plywood rib panel, where the lower plywood layer can increase the total bending
stiffness of the cross-section several times compared with TCC with the same height timber
beams and move the neutral axis of the cross-section away from the concrete layer. Thus,
for example, at a span of nine meters, an 18 mm thick lower plywood layer can reduce the
timber beam (rib) height maintaining the same level of bending by approximately 1.5 times.
To determine the benefits of the proposed TCC solution, a comparison between the TCC
with a plywood panel and the classic one with CLT is made. Because timber—concrete
composite structures consist of distinct materials with quite different properties, especially
in terms of weight, the consumption of material for mutual comparison of structures
cannot be used as it does not fully reflect the situation. Therefore, it is necessary to use
another parameter that can bind diverse types of materials in different variable proportions.
The efficiency of structures made of several materials can be reflected in the prices of
the materials used. Cost-based criteria are often used for structural optimizations [30,31].
The cost-effectiveness criterion—cost factor ¢, based on the cost per square meter of the
materials for a timber—concrete composite panel, is proposed for use because of the high
cost difference between CLT and concrete materials.

2. Materials and Methods

The cross-sections of the classic TCC solution with CLT base and the proposed
solution—with a plywood rib panel—are shown in Figure 2. The proposed solution
can effectively integrate utilities and other solutions in the cross-section of the structure
without losing the height of the floor as opposed to the classical solution.

Figure 2. Cross-section of timber—concrete composite (TCC) with: (a) cross-laminated timber (CLT);
(b) plywood rib panel.

A fibre-reinforced concrete layer and a rigid connection between timber and con-
crete layers are assumed to compare both solutions. A schematic illustration of the rigid
connection between timber and concrete components realisation is shown in Figure 3.

TCC panels are considered one-way, simply supported, with a width-to-span ratio of
1:5. The total width of the floor used in the vibration analysis is assumed to be 5 m. The
most rational parameters for the two types of cross-sections are set for panels with a span of
3 to 10 m in steps of 0.5 m of A (residential) and B (office) category buildings. The assumed
TCC cross-sectional variables include 6 different concrete and 4 different timber strength
classes; 13 standard thicknesses of plywood; 3 different CLT layer thicknesses applicable to
CLT panels with a total layer amount of 3, 5 or 7 layers; and 6 widths and 11 heights for
timber beams according to the EN336 assortment. These are summarised in Figure 4.

The structural design of the timber—concrete composite floor panels is carried out by
the recommendations of the new design rules for timber—concrete composite structures
currently being developed under CEN TC250/N2330 “Eurocode 5: Design of Timber
Structures—Structural design of timber—concrete composite structures—Common rules
and rules for buildings”, part of which are also described in [10] and new design rules
for floor vibration currently being developed under CEN TC250/SC5 WG3 Subgroup 4
“Vibrations”.
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Figure 3. The proposed production method of a rigid connection between timber and concrete
layers [18].
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Figure 4. The assumed variables for elements of the TCC cross-section, where B—width of the panel;
L—length of the panel; h.—thickness of the concrete layer; hj; and hj,—thickness of the CLT layers;
hpu and hp—thickness of the upper and lower plywood layers; by and h—width and height of the
timber rib.

The timber-concrete composite panel is calculated for two time points. The first one,
t = 0 years, corresponds to the initial state. At this time point, neither the concrete shrinkage
nor the materials creep are considered in the calculations, as they have not developed. The
second time point, = co years, corresponds to the end of the structure’s service life. For the
long-term condition, the creep and the concrete shrinkage are considered. Effective values
of the elastic modulus evaluate the creep of materials. The fictitious load from an inelastic
deformation evaluates concrete’s drying and autogenous shrinkage. The deflection and
stress level criteria with the respective load combinations and elastic modulus checked
for the TCC panels are summarised in Figure 5. An additional check of the stress level is
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necessary for the wood-based elements to determine the need for a calculation at a time
point corresponding to t = 3-7 years.

| TCC checks |
¢ > t=
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Tpwt S TpWE py Fiong=G + w2 x Q Fshort=(1 - w2) x Q
7conn < Zconn, PV Econ, fins Etim, fin Econ Etim
l - _/
(" t=0 ‘
E, ] Et‘
e FUH: ULS: Figng.d * 0.8 % pgjs and Fghort
sLS: Fuld SLS: Fiongk + Psis @nd Fenort k
L. : s

’ Y v
Twoodbase ((Ga * Yz x Qg) x 1.25 Owaodbase ((Fiong,d + 0.8 * pgis) * 1.25
+ (1 - U-’Q) X Qd) = owoodbase, PV + (1 - ‘aUQ) X Qd) = Owoodbase. PV

(.
check for t = 3—7 years
is not necessary

Figure 5. TCC checks with corresponding load combinations, where ULS and SLS are ultimate

and serviceability limit states; t—time point; w—deflection; c—normal stresses; T—shear stresses;
E—elastic modulus; G—dead load; Q—live load; {)—share of the permanent live load at the total
live load; F,—fundamental load combination; pys—fictitious load evaluated shrinkage; indexes: PV—
permissible value; conc—concrete; tim—timber; pwc—upper plywood layer; pwt—lower plywood
layer; conn—the connection between the rib and upper plywood layer; k—characteristic values;
d—design values; fin—effective values; woodbase—wood-based materials.

The effective values of the elastic modulus of concrete and timber used for long-term
load calculations should be determined according to Equations (1) and (2).

E
E - con,t0 , 1
con,fin 1+ Ipcon < QD(OO, tO) ( )

Etim
, 2
1+ Pim X Kgef @)

where E.op, fin and Eyp, iy are, respectively, the effective value of the elastic modulus of
concrete and timber for long-term calculations, MPa; E.n o is the modulus of elasticity
of concrete at the moment when the concrete reaches the design strength or the load is
applied to the concrete for the first time, MPa; 1pcon is the coefficient taking into account the
effect of the composite action of the material on the effective creep coefficient of concrete,
which in the case of service class 1 and full composite action is taken as interpolation of
recommended in the new design rules for TCC values and can be obtained by Equation
(5); p(o0,tp) is creep coefficient for long-term condition and can be obtained by Equation
(3); Etim is mean value of elastic modulus of timber, MPa; iyi, = 1 is a factor that takes into
account the effect of the composite action of the material on the effective creep factor of the
wood; and kg is a factor for the evaluation of creep deformation taking into account the
relevant service class according to Eurocode 5.

Etim,ﬁn =
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It is assumed that the load is applied to the concrete after reaching its design strength,
i.e., not earlier than 28 days from the moment of concrete placing, the relative humidity of
the environment is equal to 40%, and service class 1. The creep coefficient of concrete for
the long-term condition, when creep is fully developed, is calculated following Annex B of
Eurocode 2 according to the following equation:

oot~ 168 1
P = 01 g0 T PRI

®)

where @(co,tp) is the creep coefficient for the long-term condition; f . is the mean compres-
sive strength of concrete at the age of 28 days, MPa; t is the time when a load is applied on
the structure, days; ¢ry is a factor considering the effect of relative humidity on the creep
coefficient, which can be calculated from Equation (4).

oru =1+ 71&55\3//%0 for fom < 35MPa

B 0.7 0.2 4)
gri = |1+ IREA00 (%) ] x (%) for fem > 35 MPa,

where RH is the relative humidity of the ambient environment, %; hy is the notional size
of the member equal to the height of the concrete layer, mm; fr is the mean compressive
strength of concrete at the age of 28 days, MPa.

Peon = 0.3 X ¢(00,t0) 4+ 0.75, (5)

where con is the coefficient considering the effect of the composite action of the material
on the effective creep coefficient of concrete, in the case of service class 1 and full composite
action; @(co, tg) is the creep coefficient for a long-term condition.

Inelastic deformations due to concrete shrinkage are considered in the calculation as a
fictitious load assumed as a permanent load:

Psls = €sh X Cp,SlS/ (6)

where pg, is the fictitious load, kKN/m; &g, is the concrete’s drying and autogenous shrinkage
inelastic deformation at the 90% level, which in the case of the cement of strength class
CEM 42,5 N can be calculated from Equation (7); Cp g5 is the coefficient, which for TCC
with rigid connection between timber and concrete layers, i.e., the coefficient of composite
action 7y =1, can be calculated from Equation (8).

RH

— _ fem _ ° _ -6
esh = 0.9 x l561 X exp( 0.12 x 10 x155x |1 RHq +25x (fac—10)| x107°, )

where fm is the mean compressive strength of concrete at the age of 28 days, MPa; RH
is relative humidity of the ambient environment, %; RHy = 100%; f is the characteristic
compressive strength of the concrete at the age of 28 days, MPa.

CPSlszﬂ_'ZX ElXA1XE2XA2XZ,
’ (Ey x A1+ Ex X Ap) x L2

®)

where E; and A are, respectively, the elastic modulus and area of concrete cross-section,
kNm? and m?; E; and A, are, respectively, the elastic modulus and area of timber base
cross-section, KNm? and m?; z is the distance of the centres of gravity of the concrete and
timber base cross-sections, m; L is the span of the panel, m.

The tensile strength of the concrete is completely ignored in the calculations. The
timber—concrete composite panel is designed to subject the concrete layer only to compres-
sive stresses. The shear deformation is also dismissed because of the considerable panel
length to height ratio (about 30). The cross-layers of the CLT panel are evaluated in the
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calculations by transforming them to the material properties of the longitudinal layers
according to the transformed-section method [32].

The serviceability limit state includes the determination of instantaneous and final
maximum displacements and vibration criteria. According to the forthcoming rules, vibra-
tion checks consist of stiffness criteria (point load deflection) and acceleration or velocity
criteria. The new rules lay down design conditions for natural frequencies between 4.5
and 8 Hz, where the floor must meet the acceleration criterion. For floors with a natural
frequency larger than 8 Hz, a velocity criterion is introduced. In addition, the concept of
floor performance level has been submitted, which provides for different thresholds by
which to meet the vibration criteria, depending on the building category and the quality
level chosen. In the calculations assumed, the floor vibration quality level is the highest.
The vibration design procedure for timber—concrete composite floors with spans I, width b
and self-mass per square meter m, effective bending stiffnesses for a 1 m wide strip (EI)
and (EI)T, respectively, in the longitudinal and transverse directions of the floor, is shown
in Figure 6.

(Determine the floor performance level Calculate 1 kN o \

(I-VII) based on load deflection, mm |Stiffness criteria check|
> »  according floor

performance level

+ category of occupied areas (Al, A2, B); 3
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R=Vme/0.0001
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Figure 6. The algorithm of the vibration checks according to the forthcoming design rules “Vibrations.

The limit values for all vibration criteria according to the floor performance level and
the determination of the floor performance level according to the floor area use category
and the required quality level are summarised in Tables 1 and 2, respectively.
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Table 1. Limit values for vibration criteria according to the floor performance level.
Floor Performance Level
Criteria
I II III v A% VI Vil
Stiffness: wyN (Mm) < 0.25 0.5 0.8 1.2 1.6 N
Acceleration and velocity: R < 4 8 12 16 24 0.5 ©
Table 2. Floor performance level according to the category of area use and quality class.
Quality Level
Category of Use y
Quality Base Economy
Multi-storey residential, Al I, II, 11T v \Y
Single house, A2 I 10, 101, IV A% VI
Office areas, B I1I 111 v

TCC with plywood rib panel structural design includes such checks of the ultimate
limit state as a check of normal stresses in the concrete layer, both plywood layers and the
longitudinal timber ribs, and analysis of shear stresses in the connection between the rib
and the plywood. Ultimate limit state check and calculation of the panel deflection are
made for two types of effective panel cross-sections—double-T and C-type cross-sections
(see Figure 7). Equivalent panel bending stiffness for a 1 m wide strip is used for vibration
tests.

s concrete
he | |
i \ \ |
g I =
| | |

upper plywood
h
o by \ fib “_lower plywood

betc bt

Figure 7. Two types of effective sections for calculations, where H—the height of the panel; h.—the
height of the concrete layer; hipy and hpl—the height of the upper and lower plywood layers; hi—the
height of the timber rib; by T is the effective width of the double-T section, equal to the smallest of a
tenth of the panel span L with rib width by and half of rib step s; the effective width of the C-type
section beg ¢ is half of be¢ 1 with % by.

The step of longitudinal ribs s, taken based on upper plywood layer load-bearing
capacity and deflection calculations in the transverse direction of the panel according to
design schemes shown in Figure 8a,b, and deflection calculations of concrete and upper
plywood layers with full-composite action according to design scheme shown in Figure 8c.
Given the importance of upper plywood layer work between the ribs and the low entire
stiffness of the wood-based materials, a more conservative design scheme for this sub-
element has been adopted, i.e., a simply supported beam.

The interaction of the concrete layer with the upper plywood layer protects the latter
from durability issues. The cross ribs are only used to divide the panel into smaller open-air
volumes. The number of cross rib rows equals the number of longitudinal ribs, as can be
seen in Figure 9.
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7]; hpuﬁ—
@ (b) ©

Figure 8. Design schemes for: (a) the load-bearing capacity of the upper plywood layer per 80 kg
assembly load F, 4 and self-weight from concrete g. 4 and plywood layers g, 4; (b) the deflection
of the upper plywood layer from the self-weight of concrete g. x and plywood layers Spuks (c) the
deflection of the concrete and top plywood layers from the self-weight of both layers and the useful
uniformly distributed load gi, where s is the rib step; iic and hypy are thicknesses of concrete and upper
plywood layers.

concrete

cross ribs

longitudinal ribs

plywood

Figure 9. The view of timber—-concrete composite with plywood rib panel with four longitudinal ribs
and four rows of cross ribs.

All cross-sections of the two types of TCC are generated according to the input and
variable data using the calculation algorithm developed in the Hypertext Preprocessor
(PHP) environment. The generated cross-sections are passed through the ultimate and
serviceability limit tests. Cross-sections that do not meet at least one of the checks are
discarded. The cross-sections that satisfy all the tests are arranged according to the criterion
of rationality.

The cost factor c as the criterion of rationality for TCC with CLT panel base is calculated
according to the equation:

_ hcrr X Pepr + he X Pe
CcC =
Pe,c20 X By

, )

where hcyr and ki are, respectively, CLT and concrete layer heights, m; Pcyr and P, are,
respectively, CLT and usable strength class concrete price, EUR/m?; P ¢y is the price of
concrete of strength class C20, used as the base price, EUR/m?; By is a one-meter-wide strip
of the panel, m.

For the comparison of CLT-concrete composite panels, the price of one cubic meter
of CLT is assumed to be 900 EUR, while the cost per cubic meter of C20 strength concrete
with 0.5% synthetic fibres Strux 40/90 is considered to be 104 EUR. The prices accepted
for the other concrete strength classes and the P./ P cpg ratios are summarised in Table 3.
The prices used for the analysis are based on the Latvian market at the turn of the year
2021/2022. The use of additional protection layers—for example, fire-rated plasterboards-
is required to meet the fire safety requirements of both CLT and plywood panel solutions.
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Cc =

(hpuxPpu+hp1><Ppl+hc><Pc) xbx L+ hy xby x Py x (anlonngbxntrans)

This solution allows the relatively easy replacement of such layers if it is necessary in
comparison with charred CLT floor solution without additional protection layer. Fire
protection layers are not considered in the cost factor analysis.

Table 3. Prices of concrete with synthetic fibres depending on concrete strength class.

Strength Class C25 C30 C35 C40 C45
Price, EUR/m? 106 108 109 110 111
Pe/Peca 1.019 1.038 1.048 1.058 1.067

The cost factor ¢ for TCC with plywood rib panel base is calculated according to the
equation:

(10)

bxLx PC,CZO X Bl

where }; is the height of the layer or rib; P; is the price of the respective material, EUR/ m3;
b and L are, respectively, panel width and span, m; Mlong and 7rans are the number of
longitudinal and transverse ribs; indexes pu, pl are, respectively, the upper and lower
plywood layers; indexes t and c are, respectively, the timber and concrete layers; P. 2o
is the price of concrete of strength class C20, used as the base price, EUR/ m3; By is a
one-meter-wide strip of the panel, m.

The price per cubic meter of timber is assumed to be 600 EUR. Based on its thickness,
plywood prices per cubic meter are summarised in Table 4.

Table 4. Prices of plywood depending on its thickness.

Thickness 9 12 15 18 21 24 27 30 35 40 45 50
Price, EUR/m3 1019 911 895 876 895 895 895 895 995 995 995 995
Ppw/Pecoo 9.80 8.76 8.61 8.42 8.61 8.61 8.61 8.61 9.57 9.57 9.57 9.57

3. Results

Figure 10 shows a graphical representation of the results at a span of 7 meters for a
CLT-concrete panel with a high vibration quality class suitable for use in category Al, i.e.,
multi-storey residential buildings. An amount of 966 generated CLT-concrete cross-section
variants passed through all TCC stress, deflection, and vibration checks.

According to the applied criterion of rationality, the cross-section with the lowest cost
factor corresponding to a height of 180 mm is selected as the most rational cross-section
from the results shown in Figure 10. In addition, the results with the lowest height at the
corresponding lowest cost factor value may be of interest.

The determined rational cross-sectional parameters for TCC with CLT panel at two
load area categories—A1 and B, with uniformly distributed load values of 2 kN/m? and
3 kN /m?, respectively, and the highest quality vibration class are summarised in Tables 5
and 6. In most cases, the check of long-term deformation for the CLT-concrete panels,
which is marked as Wy, yatio and means the ratio of the calculated deflection to the limiting
value accepted as 1/150 of the span, is crucial.
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Figure 10. All possible results as the panel’s height with the related cost factor, which correspond to
the ultimate and serviceability limit states for a CLT-concrete composite panel with a span of 7 m.

Table 5. The most rational cross-sectional parameters of the CLT-concrete composite panel for

category Al.
Span, m 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
Height H, mm 80 95 100 110 130 140 140 160 180 200 220 230 245 260 275
Cost factor ¢ 054 063 071 072 08 091 106 123 125 128 137 146 155 164 174
hcrr, mm 60 70 80 80 90 100 120 140 140 140 150 160 170 180 190
he, mm 20 25 20 30 40 40 20 20 40 60 70 70 75 80 85
Concrete class C20 C20 C20 (C45 C45 (C45 C40 C25 (C45 C(C45 C45 (C45 C45 C45 45
Timber class C24 C20 (C24 C24 (C24 (C24 (C24 (C22 (C24 (C24 (C18 (C22 (C24 C(C24 C24
Selli'lzl"/erlfht' 075 090 084 109 138 142 100 107 159 209 232 241 259 276 292
Wrin ratio 078 092 082 100 099 099 090 099 098 099 099 1.00 099 1.00 0.99
Table 6. The most rational cross-sectional parameters of the CLT-concrete composite panel for
category B.
Span, m 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
Height H, mm 95 105 115 130 135 150 165 170 195 210 220 235 250 270 285
Cost factor ¢ 0.63 0.72 0.73 0.82 0.90 0.99 1.09 1.24 1.27 1.36 1.45 1.54 1.63 1.73 1.82
hcpr, mm 70 80 80 90 100 110 120 140 140 150 160 170 180 190 200
he, mm 25 25 35 40 35 40 45 30 55 60 60 65 70 80 85
Concrete class C20 C20 C20 C20 C45 C35 C45 C45 C40 C45 C45 C45 C45 C45 C45
Timber class C24 C24 C24 C24 C24 C24 C24 C24 C24 C20 C24 C24 C24 C24 C24
Self-weight, KN/m 0.92 0.96 1.21 1.38 1.30 1.46 1.63 1.34 1.96 213 217 2.34 251 2.80 297
Wi ratio 069 071 095 099 093 100 099 098 100 1.00 099 100 099 099 099

In the case of the TCC with plywood rib panel, for the most part, the vibration criterion,
which is marked as vib_R;4tio and means the ratio of the calculated response factor R to the
limit value according to the Tables 1 and 2, is decisive. The determined most cost-effective
cross-sectional parameters for the plywood-concrete panel at two load area categories—A1
and B—are summarised in Tables 7 and 8.
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Table 7. The most rational cross-sectional parameters of the CLT-concrete composite panel for

category Al.
Span, m 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
Height H, mm 113 107.5 1325 1425 161 180.5 171 211 213 236 264 270 314 323 354
Cost factor ¢ 0.27 0.26 0.27 0.27 0.28 0.31 0.32 0.33 0.35 0.38 0.41 0.44 0.46 0.51 0.65
hp1, mm 9 6.5 6.5 6.5 6.5 6.5 12 9 9 9 9 15 9 18 21
hpy, mm 12 9 9 9 9 9 9 12 9 12 15 15 15 15 18
hy, mm 72 72 97 97 120 145 120 170 170 195 220 220 270 270 295
by, mm 35 35 35 35 35 44 35 44 44 60 60 60 72 72 97
Ribs step s, m 0.60 0.35 0.40 0.45 0.50 0.55 0.40 0.65 047 075 0.80 0.85 0.90 0.95 1.0
he, mm 20 20 20 30 25 20 30 20 25 20 20 20 20 20 20
Concrete class C20 C30 C20 C20 C20 C20 C35 C20 C25 C25 C20 C40 C30 C45 C35
Timber class C18 C24 C18 C18 C24 C22 C24 Cc22 C24 C24 C18 C24 C24 C24 C24
Self-weight, kKN/m 0.69 0.66 0.67 0.91 0.80 0.69 0.97 0.73 0.86 0.76 0.78 0.83 0.83 0.89 0.99
Win ratio 098 091 074 094 077 062 081 057 066 055 050 046 040 036 030
Vib_Ryatio 0.62 0.99 0.94 0.99 0.99 1.00 1.00 0.99 1.00 1.00 0.97 0.87 0.81 0.73 0.62
Table 8. The most rational cross-sectional parameters of the CLT-concrete composite panel for
category Al.
Span, m 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10
Height H, mm 1075 1325 145 166 188 2135 218 226 266 272 278 317 323 329 354
Cost factor ¢ 0.27 0.29 0.29 0.32 0.33 0.35 0.38 0.39 0.41 0.44 0.48 0.49 0.53 057  0.65
hp1, mm 6.5 6.5 9 12 9 6.5 9 12 9 12 18 12 18 21 21
hpu, mm 9 9 9 9 9 12 9 9 12 15 15 15 15 18 18
hy, mm 72 97 97 120 145 170 170 170 220 220 220 270 270 270 295
by, mm 35 35 35 35 44 44 44 44 60 60 60 72 72 72 97
Ribs step s, m 0.30 0.35 0.40 0.45 0.50 0.55 0.40 0.43 0.70 0.75 0.80 0.85 0.90 0.95 1.00
he, mm 20 20 30 25 25 25 30 35 25 25 25 20 20 20 20
Concrete class C30 C20 C20 C20 C20 C20 C20 C20 C20 C30 C25 C30 C25 C45 C35
Timber class C24 C20 c22 C18 C20 C24 C24 C24 Cc22 C24 C24 C24 C24 C24 C24
Self-weight, KN/m 0.67 0.68 0.94 0.84 0.84 0.86 1.00 1.14 091 0.95 0.98 0.86 0.89 0.93 0.99
Win ratio 0.86 0.71 0.82 0.66 0.61 0.55 0.61 0.66 0.49 0.49 0.49 0.41 0.42 0.42 0.39
vib_Riatio 0.99 1.00 1.00 0.97 1.00 0.99 0.98 0.99 1.00 1.00 1.00 1.00 1.00 1.00 0.93

The most cost-effective cross-sections for CLT-concrete composite panels with spans
from 3 to 10 meters in 0.5 m increments are compared to the cross-sections of plywood-
concrete composite panels in two ways. The first case corresponds to the most cost-effective
cross-section of a plywood-concrete composite with the related panel height. The second
case compares the cross-section of a plywood-concrete composite panel with the minimum
possible height and the corresponding lowest cost factor. Figures 11 and 12 summarise the
data obtained for multi-storey residential and office buildings.

A comparison of the 1-meter-wide strip self-weight of TCC with CLT base and equiv-
alent self-weight of TCC with plywood rib panel base with the most cost-effective cross-
sectional parameters is shown in Figure 13.
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Figure 11. CLT-concrete (CLTCC) and plywood-concrete (PWCC) panels in category Al buildings:
(a) cost-factor dependence of the panel span; (b) panel-height dependence of its span, where min
H—panel with the lowest height at the corresponding lowest cost factor; min c—panel with the most
cost-effective cross-section, and A—multi-storey residential building.
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Figure 12. CLT-concrete (CLTCC) and plywood-concrete (PWCC) panels in category B buildings:
(a) cost-factor dependence of the panel span; (b) panel-height dependence of its span, where min
H—panel with the lowest height at the corresponding lowest cost factor; min c—panel with the most
cost-effective cross-section, and B—office building.



Buildings 2022, 12, 761

14 of 17

3.0 .
-
é 2.5 ..."..,.
Z 20 L
= ey
io 15 W
3 P,
z 10 g BT g . o
""_1' s .O....g.-..g-..-o.-.O ........ O..-O-..o...o. 0- (6] 0
& 05
0.0
SpanL, m
o0 PWCC, minc mTCC, A

Figure 13. Self-weight of 1 m wide strip dependence of the panel span for CLT-concrete (CLTCC)
and plywood—concrete (PWCC) panel in category Al buildings, where min c—panel with the most
cost-effective cross-section, and A—multi-storey residential building.

4. Discussion

The proposed alternative solution of the timber-concrete composite panel with a
plywood rib panel can significantly reduce the cost factor. Compared with the CLT-
concrete panel, the cost factor of the plywood—concrete panel with the most cost-effective
cross-section for the building category Al is from 50% to 73% lower, with an average value
of 66%. A significant reduction in the cost factor leads to increased plywood-concrete
composite panel height from 7% to 41%, with an average value of 25% compared with
CLT-concrete composite panels. Due to the structure of the proposed solution, thicker
concrete layers lead to the need for either a thicker upper plywood layer or/and additional
ribs to reduce the step between them. Both cases are immediately associated with additional
costs. Therefore, the most cost-effective plywood-concrete cross-sections are mainly with a
20 mm thick concrete layer. This solution has an additional advantage. Using a thin layer
of concrete, the self-weight of the panel does not increase significantly depending on the
span. The difference between plywood—concrete and CLT-concrete panel in weight is 20%
for a span of three meters. It grows up to 71% for larger spans. Moreover, an increase
in the concrete layer height leads to a faster increase in modal mass than an increase in
bending stiffness, as shown in Figure 14. Therefore, because the determining check for
plywood—concrete panels is usually vibration, an increase in the concrete layer does not
always give a good result.

By choosing a plywood-concrete composite panel with the lowest possible cross-
sectional height that meets the requirements for TCC checks, it is possible to reduce the
difference between cross-sectional heights up to 14%. In the case of the span equal to 6 m,
12% less plywood—concrete panel height than for the CLT-concrete panel was obtained. The
average value of the plywood-concrete panel height increase is 3%. The cost factor is from
21% to 31% lower for plywood-concrete panels with a smaller height than CLT-concrete
panels. At heights equal to and higher than the CLT—concrete panel height, it reaches up to
54%. For spans from 6.5 m to 8 m, the cross-sectional heights of both panel types are almost
the same, but the cost factor for plywood—concrete panels is 49% lower.

Office building floors have an analogous situation to residential buildings. The cost
factor of the plywood-concrete panel with the most cost-effective cross-section is from 57%
to 69% lower, with an average value of 65% compared with the CLT—concrete panel. Cost
factor reduction leads to an increase of the plywood—concrete composite panel height from
13% to 43%, with an average value of 29%, compared with CLT-concrete composite panels.
The difference in weight is from 15% to 67% between plywood-concrete and CLT-concrete
panels with the most cost-effective cross-sectional parameters, with an average value of 45%.
Choosing a plywood—concrete composite panel with the lowest possible cross-sectional



Buildings 2022, 12, 761

15 of 17

height corresponding to the TCC checks, the cross-section height difference of the proposed
design solution decreases by up to 18% compared with CLT-concrete composite panel
height. For the spans from 3 m to 8.5 m, the heights of both panel types are almost the
same—the difference is up to 6%, but the decrease in cost factor for the plywood—concrete
panel is from 18% to 50%. For spans over 9.5 m, the difference in height between the most
cost-effective cross-section and the lowest height cross-section of the plywood-concrete
panel is less than 8%.
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Figure 14. Increase bending stiffness Elef and modal mass M* dependence of concrete layer height i
for plywood—concrete with constant plywood panel cross-section parameters.

Thus, the proposed alternative timber—concrete composite panel design solution,
based on a plywood-type panel with timber ribs, is a particularly advantageous composite
panel for residential and office buildings. The proposed solution significantly reduces the
floor cost compared with CLT-concrete panels, even if the height of the floor structure is
essential. Without a concrete layer, a plywood panel as a stand-alone design solution results
in a bouncy floor. The interaction of concrete and plywood rib panel creates a competitive
floor solution.

5. Conclusions

A comparison of two types of timber—concrete composite panels—with cross-laminated
timber panel and with plywood rib panel based on costs of the materials per one square
meter of the panel was made. The following benefits of the proposed solution with the
plywood rib panel instead of the cross-laminated panel for timber-concrete composite were
identified:

e  Cost factor reduction of the most cost-effective cross-sections up to 73% for multi-storey
residential and 69% for office building floors.

e A significant reduction of the cost factors leads to an increase in the panel total height
of an average of 25% for multi-storey residential buildings and 29% for office buildings.

o  Choosing a plywood—concrete composite panel with the lowest possible cross-sectional
height, which requires TCC checks, makes it possible to achieve panels of comparable
size height to CLT-concrete panels. Up to 54% and 69% lower cost factor values for

Al and B category buildings are obtained for panels of almost equal height.

e  Thin concrete layers can achieve the most cost-effective parameters of the plywood-
concrete panels and low self-weight levels regardless of panel span.

e  The self-weight reduction of 59% un 45% on average, respectively, for Al and B
category buildings for plywood—concrete composite panels with the most cost-effective
cross-sections, is obtained in comparison with CLT-concrete composite panels.
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e  The proposed estimation algorithm of panel cost-effectiveness can be applied in the
initial design stage, during which it is necessary to select the used structural solution
and materials.
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