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A B S T R A C T   

The behavior of timber-concrete composite floors in an overhanging configuration has been analysed. The floor 
consisted of a prefabricated T-shape piece formed by a glulam flange glued to a plywood rib and connected to an 
upper concrete slab poured in situ. The connection between both materials is achieved by penetrating the 
concrete into the holes made in the rib. 

Three-point bending tests were performed with a total of 8 specimens with depth of 25, 30 and 35 cm and 
overhanging length of 1.50, 1.80 and 2.10 m, respectively. That means a length-to-depth ratio equal to 6 in all 
cases. 

The experimental results showed that the lowest ultimate load value obtained was 8.03 and 5.55 times higher 
than the estimated service load for a building with residential use (5 kN/m2) and public use (9 kN/m2), 
respectively. 

Two types of failure were observed after a marked cracking process in the concrete as the ultimate load value 
was approached: tensile failure affecting the plywood rib and shear failure at the glulam flange-plywood rib 
connection. 

The maximum deflection for the total load was between 1/358 and 1/523 of the overhanging span for the 
estimated loads for a residential use building (5 kN/m2), and between 1/266 and 1/390 for public use buildings 
(9 kN/m2). 

Regarding to vibrations, floors in an overhanging configuration with a length-to-depth ratio equal to 6 and a 
simply supported portion equal to four times the length of the overhanging portion, with total loads up to 9.0 kN/ 
m2, both in multi-storey buildings for residential and office use, present a high comfort level. 

Consequently, the proposed timber-concrete composite (TCC) overhanging floor solution has demonstrated 
high stiffness and strength that make it a suitable alternative for the construction of high-performance light-
weight floors in multi-storey buildings.   

1. Introduction 

The impact that construction has on CO2 emissions [1] and the 
forecast of new increases [2] linked to the post-pandemic economic 
recovery and demographic growth, among other factors, is leading to 
the search for more ecologically efficient solutions. This entails a 
reduction in the use of the most used materials in the construction of 
structures (steel and concrete) and the growing importance of wood and 
its derived products, thanks to the effective combination of good me-
chanical properties with its well-known advantages from the point of 
view of sustainability [3–7]. 

On the other hand, the gradual introduction of wood in the 

construction of multi-storey buildings is increasing the use of this ma-
terial and leads to the reflection that a massive use of it can lead to forest 
degradation due to the tendency towards monoculture of the most 
suitable species for use in the building sector [6,8]. 

One of the main problems that arise in the use of wood in the con-
struction of framed structures for multi-story buildings is the difficulty of 
achieving rigid or semi-rigid joints. This reduces the stiffness of the as-
sembly against horizontal wind or earthquake actions and, on the other 
hand, leads to the usual use of simply supported pieces, an inefficient 
solution both in terms of stiffness and strength that leads to an increase 
in material consumption. An interesting alternative to timber-only 
construction is the use of timber-concrete composite (TCC) solutions. 
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TCC systems provide greater structural efficiency than timber-only 
structures thanks to the synergy between both materials and, at the 
same time, allow a substantial improvement in terms of ecological ef-
ficiency compared to concrete-only structures. Many references address 
the advantages of TCC solutions [9–11]. 

Our team has patented a comprehensive construction system based 
on the use of TCC sections in floors, beams, and pillars [12] (Fig. 1). 
Floors and beams are made up of an inverted T-shape or inverted 
π-shape prefabricated piece formed with a glulam flange and rib boards 
made of perforated plywood. This prefabricated piece connects to a 
poured-in-place concrete top slab through existing holes in the plywood 
board. The behavior of TCC systems largely depends on the effectiveness 
of the timber-concrete shear connection, so that in addition to a high 
strength against shear forces, this is achieved with a reduced slippage of 
the joint, as this allows a high composite effect. The tests carried out by 
our team [13] have shown a high efficiency of the solution developed 
with perforated boards as a means of joining. Likewise, a four-point 
bending test has been carried out with pieces of 6.0, 7.20 and 8.40 m 

spans that have shown excellent behavior both from a resistant point of 
view and against deformations and vibrations in service situations [14]. 

Previous papers about the developed system published by our team 
collect the analysis carried out linked to the positive bending moments 
behaviour. However, one of the great contributions of the patented TCC 
construction system is that it allows made up of semi-rigid beam-column 
joints and continuous floors over internal supports, working as contin-
uous. It is a notable advance as it allows, in a multi-story structure, a 
much more favorable redistribution of bending moments and a notable 
reduction in deformations of the beams and floors. Consequently, it is 
essential to know the negative bending moments behavior of TCC sys-
tems in the field of new construction, analyzing the effect that it has on 
both the resistance of the shear timber-concrete connection using 
perforated boards, as well as on the stiffness and strength of the piece, 
when the concrete is subjected to tension stresses instead of the 
compression ones present in the usual TCC systems. It is a completely 
unexplored path as attested the very few references in the technical 
literature that address this issue [15,16], that, in any case, collects 

Fig. 1. Three-dimensional model of the flooring system  

Fig. 2. Specimen geometry. Dimensions in mm.  
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solutions more linked to the field of reinforcement of existing structures 
or far removed from the approaches included in this paper. Conse-
quently, it has been considered essential to undertake a new experi-
mental campaign, using full-scale pieces, that analyses the behavior of 
this type of pieces against negative bending moments, constituting the 
objective of this paper. 

2. Materials and methods 

2.1. Specimens and materials 

The overhanging beam configuration tested (Fig. 2) is composed of a 
prefabricated T-inverted shaped piece formed of a glued laminated 
timber (GLT) flange glued to a rib made of plywood. The GLT flange is 
600 mm wide and 60 mm thick which increases to 90 mm in the rib 
contact area to reduce glue line stresses. The rib has a thickness of 40 
mm and was transversally perforated in its upper part with circular 
hollows of 30 mm in diameter to connect with a concrete layer poured 
over the light cardboard blocks. The concrete slab has a thickness of 50 
mm, increasing to 95 mm in the connection area with the rib. A 200x200 
mm steel mesh with 6 mm diameter corrugated bars has been placed on 
the concrete slab. Likewise, reinforcement bars 120 mm long and 10 mm 
diameter have been placed that go through one of every three rib per-
forations to provide ductility to the wood-concrete connection. Finally, 
since these are pieces intended for negative bending moment tests, 2 
reinforcement bars of 10 mm have been placed, one on each side of the 
rib. The aforementioned reinforcement bars together with the 3φ6 of the 

steel mesh parallel to the guideline of the piece gives rise to a total 
geometric amount of reinforcement for negative bending of 7.10-3 mm2/ 
mm2. Fig. 3 shows different stages of the manufacturing process of the 
specimens. 

The main mechanical properties of materials are the following. 
The GLT flange was made of Picea Abies strength class GL24h, with 

mechanical properties according to standard EN 14080:2013 [17]. 
Birch plywood was chosen for the rib because high shear strength is 

required. According to manufacturer specifications, mean mechanical 
parameters parallel to the fibre of birch plywood are a characteristic 
compression strength of 26.5 N/mm2; characteristic tension strength of 
38.3 N/mm2; mean MOE in bending of 8925 N/mm2; mean MOR in 
shear of 650 N/mm2, and a characteristic panel shear of 9.5 N/mm2. 

Reinforcement steel bars B500S quality were used with a yield 
strength fy ≥ 500 N/mm2 and an ultimate tensile strength fu≥ 550 N/ 
mm2 according to UNE 36068:2011 [18]. 

The upper slab was made using fibre-reinforced concrete, with 360 
kg/m3 of CEM II/A-M (V-L) 42.5 R cement [19] and a proportion of 4% 
Sikafiber Force M-48 (Sika®) polyolefin macrofibres of 48 mm long and 
465 N/mm2 tensile strength, according to EN 14889-2:2006 [20]. A 
fluid consistency has been used for the concrete, obtaining a 10 cm seat 
in the slump test according to [21]. An average strength at 28 days of 
39.9 N/mm2 was obtained in compression tests carried out according to 
EN 12390-3:2009 [22]. 

Based on the results obtained from the timber-concrete shear 
connection in a previous test campaign [13], a slip modulus Kser=280 N/ 
mm2 and an ultimate load of Fu=285 kN/m have been considered. 

Fig. 3. Specimens manufacture  

Fig. 4. Bending test  
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2.2. Test-setup 

A total of 8 samples obtained using the undamaged extreme quarters 
of the beams tested in previous four-point bending tests [14] were 
tested. For the names of the samples, in order to identify their origin, 
they are referenced in the same way as the piece from which they were 
extracted, adding the letters “X” and “Y” to identify both ends. In total, 8 
pieces were tested: 3 with a depth of 250 mm and a overhanging span 
(Lc) of 1.50 m; 3 with a depth of 300 mm and a span of 1.80 m and 2 
pieces with a depth of 350 mm and a span of 2.10 m. A slenderness of Lc/ 
6 has been adopted for all the pieces based on the stiffness results ob-
tained with a simplified preliminary design analytical model. This model 
was based on the use of the Gamma Method, a simplified method out-
lined in Eurocode 5–Annex B [23] and usually recommended [24,25] for 
TCC sections. In this case, as they are cantilevered pieces, an effective 

length equal to 2Lc has been considered. Likewise, the contribution of 
the negative reinforcement has been considered and the tensile contri-
bution of concrete has been dispensed with. 

Before the start of the tests, wedging was carried out between the 
concrete slab and the glulam flange in the support and load application 
areas. The mentioned wedging was intended to prevent possible load 
eccentricities from affecting the result, moving away from the real 
behavior of the system, since in the specimens the concrete slab is 
cantilevered in a transverse direction while in reality it works in conti-
nuity between the different ribs that make up the floor. 

Three-point bending tests were performed with a PB2-F/600 
Microtest hydraulic machine (Fig. 4). Vertical displacement was 
measured at the end of the overhanging beam using a Schreiber 
SM160.100.2.ST inductive displacement transducer. In addition, an 
Aramis 3D sensor was used to apply Digital Image Correlation (DIC) to 

Table 1 
Load and displacement results of test campaign.    

Test phase 1 Test phase 2  

Specimen Lc FSLS FSLS,ave wSLS wSLS,ave FULS FULS,ave wULS wULS,ave Failure  

[m] [kN] [kN] [mm] [mm] [kN] [kN] [mm] [mm] Modes 
250.1-X 1.50 6.55 6.54 9.15 8.73 54.62 52.09 124.62 117.62 FM1 
250.1-Y 6.57 8.76 47.01 116.62 FM2 
250.2-X 6.51 8.27 54.64 111.63 FM2 
300.1-X 1.80 7.30 7.37 11.19 10.61 42.69 51.10 86.92 113.41 FM2 
300.2-X 7.47 10.05 56.43 128.37 FM1 
300.2-Y 7.35 10.58 54.19 124.93 FM1 
350.2-X 2.10 8.16 8.14 12.76 12.77 51.82 48.59 119.58 108.27 FM2 
350.2-Y 8.12 12.78 45.36 96.96 FM2 

FM1. Pronounced cracking of the concrete and failure due to tension in the rib. 
FM2. Pronounced cracking of the concrete and shear failure in the GLT flange and rib connection. 

Fig. 5. Bending test and load-displacement curves test phase 2. Point load equivalent to a service load of 5.0 kN/m2 and an enclosure load of 2.5 kN (dot line). Point 
load equivalent to a service load of 9.0 kN/m2 and an enclosure load of 2.5 kN (dashed line). 
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analyze displacements and strains without contact. 
A test with two phases were performed on each specimen.  

• Test phase 1. Test until the service load is reached (FSLS). To estimate 
this load value, a permanent uniformly distributed load of 2.0 kN/m2 

of the structure’s self-weight, 2.0 kN/m2 of finishes, and a variable 
load of 5.0 kN/m2 corresponding to public use (category C5 Euro-
code 1 [26]) has been considered. To determine the load to be 
applied to the load cell, it was decided to consider the total load (9.0 

kN/m2), without discounting the self-weight of the piece, in order to 
measure the deformations of the element under the total design load. 
In addition to the indicated permanent uniformly distributed load, 
the action of a possible enclosure arranged at the free end of the 
cantilever with a value of 2.50 kN has been considered. Conse-
quently, the load to be applied at the end of the cantilever, equivalent 
in terms of maximum bending moment to the joint action of the 
surface load and the load of the enclosure, is 6.55 kN, 7.36 kN and 

Fig. 6. Failure modes.Samples: 250.1-X (a, b, d); 250.2-X(h); 250.1-Y(g); 300.1-X(i); 300.2-X(e); 300.2-Y(b, f); 350.2-X(j). Note: images e, g, i show the remains of 
cardboard corresponding to the vaults used as lightening elements and that were partially removed to observe the damage to the wood 
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8.17 kN for overhanging spans of 1.50 m, 180 m and 2.10 m, 
respectively.  

• Test phase 2. Test until reaching the failure load (FULS). 

3. Results and discussion 

3.1. Ultimate load and failure modes 

Table 1 shows the load and displacement results of the 8 tested 
specimens. Fig. 5 shows the test image of one of the specimens, as well as 
the load-displacement curves of the tested pieces. 

One of the first questions that can be raised is the effect that possible 
damage to materials and connections of the pieces may have on the 
results obtained due to the previous bending tests carried out. It is 
evident that the reuse of previously tested parts has been due to an 
attempt to optimize the available resources given the high cost of 
manufacturing large pieces. In previous tests, the displacements were 
recorded using Digital Image Correlation, observing that the slippage 
was only significant at both ends of the specimen 250.1. In any case, the 
ultimate load values reached in the mentioned bending tests correspond 
to a shear at the ends of the piece far from the values obtained in the 
shear tests carried out in a previous experimental campaign [13]. 
Consequently, it was understood that the possible hidden damages 
would not be meaningful enough to significantly affect the results ob-
tained and, in any case, would still make the results obtained more 
favourable. 

As stated above, the specimens 250.1 exhibited significant slab 
slippage at both ends. Despite the magnitude of the slip (Fig. 6-a), no 
meaningful variations were observed in specimens 250.1-X and Y in 
terms of ultimate load and only a clear reduction in stiffness should be 
appreciated for values higher than the service load (Fig. 5 and Table 2). 

In order to properly assess the ultimate load values obtained exper-
imentally, it is convenient to compare these values with those expected 
in a real situation with service loads. Two representative situations have 
been considered. On the one hand, a building for residential use and 
light finishes with a total load of 5.0 kN/m2 (2.0 kN/m2 of the struc-
ture’s self-weight, 1.0 kN/m2 of finishes and a variable imposed load of 
2.0 kN/ m2). Additionally, a point load corresponding to the enclosure of 
2.5 kN has been considered. The other service situation considered is 
that of a building for public use with a total load due to use of 9.0 kN/m2 

(2.0 kN/m2 self-weight of structure, 2.0 kN/m2 of finishes and imposed 
load variable use load of 5.0 kN/m2), to which is added the same 
enclosure load at the free end. This second service situation corresponds 
to the loads applied in test phase 1. Establishing the equivalence, in 
terms of maximum bending moment, between the uniformly distributed 
loads considered (real situation of the structure) and the point load 
applied at the end of the cantilever (test situation), the following cor-
respondence is obtained: 4.75 kN and 6.55 kN for Lc=1.50 m span, 5.20 
kN and 7.36 kN for Lc=1.80 m and 5.65 kN and 8.17 kN for Lc=2.10 m 
(these values have been represented in the load-deflection curves of 

Fig. 5). If we compare these values with the FULS values of ultimate load 
obtained (Table 1), we observe that, considering the lowest value of 
each series, the ultimate load for Lc=1.50 m is 9.90 and 7.18 times the 
estimated service load for residential and public use buildings, respec-
tively. In the case of Lc=1.80 m, these coefficients become 8.21 and 5.80. 
Finally, for Lc=2.10 m, values of 8.03 and 5.55 are obtained. It can be 
seen, therefore, that the lowest value obtained is 5.55 times higher than 
the design value of a building with loads for public use, which demon-
strates the high bearing capacity of the solution. 

Attending to the failure mode, in all cases it has been observed that 
when approaching the ultimate value, a marked cracking process begins 
in the concrete with cracks of increasing opening as the load increases 
and the support is approached, with a transverse path to the longitudinal 
axis of the piece (Fig. 6-b, c). The failure is reached abruptly and sud-
denly, observing two types of failure. In three of the specimens, the 
failure was caused by tension that affected the plywood rib (Fig. 6-d, e, 
f). In the remaining five, shear failure occurred at the connection of the 
glulam flange with the plywood rib (Fig. 6-g, h, i, j). 

If the failure modes are analysed in relation to the ultimate loads 
with which they are reached, it can be seen that the load values that lead 
to both types of failure are very similar, which indicates an adequate 
dimensioning of the elements that make up the section as there is no a 
single resistant mechanism that precipitates the failure. Obviously, this 
assessment cannot be completely conclusive due to the number of 
specimens tested and because they are reused pieces from previous tests 
until failure, which may, therefore, have some type of internal damage 
not observed. 

In relation to the cracking of the concrete that has been observed in 
the tests, it should be noted that the objective of crack control, included 
in all the regulations, is to guarantee that the opening of the cracks is 
below a certain threshold that is established based on the environmental 
conditions in which the structure is located. In the Eurocode 2 [27] the 
maximum crack opening is 0.4 mm for inside buildings with low air 
humidity, a value that is reduced to 0.3 mm for inside buildings with 
moderate or high air humidity or external concrete sheltered from rain. 
Therefore, the first question is not so much that cracking does not occur, 
but that the cracking is within those regulatory limits. The aforemen-
tioned limitations correspond to the opening of the cracks obtained for 
the quasi-permanent load combination, and the way to effectively 
controlled it, is to reduce the elongation of the reinforcements and, 
therefore, their tension stress, which is easily achieved by increasing the 
amount of reinforcement. 

Fig. 5 of the paper shows the point loads equivalent to a total service 
load of 9 kN/m2 (2.0 kN/m2 self-weight, 2.0 kN/m2 of finishes and 5.0 
k/m2 of variable load for public use) and a load of 2.50 kN applied at the 
free end corresponding to a possible enclosure. Point load values ob-
tained are 6.55 kN, 7.36 kN and 8.17 kN for the overhaning spans of 1.50 
m, 1.80 m and 210 m, respectively. These values are reduced, for the 
referred spans, to 4.12 kN, 4.44 kN and 4.77 kN for the quasi-permanent 
combination for light finishes (1 kN/m2) and residential use, and 5.65 

Table 2 
Experimental deflections for different service loads.   

Qtotal= 3.0 kN/m2 Pclosing=2.5 kN Residential use building 
Qtotal= 5.0 kN/m2 

Pclosing=2.5 kN 

Public use building 
Qtotal= 9.0 kN/m2 

P closing=2.5 kN 

Stiffness  

F3 w3 F5 w5 w5,ef w5,ef F9 w9 w9,ef w9,ef EIt EIt,ave  

[kN] [mm] [kN] [mm] [mm] relative [kN] [mm] [mm] relative [kN⋅m2] [kN⋅m2] 
250.1-X 3.62 4.64 4.36 5.58 4.00 Lc/375 5.85 7.44 5.37 Lc/279 1717 1928 
250.1-Y 4.45 5.51 4.20 Lc/358 7.40 5.63 Lc/266 1607 
250.2-X 3.80 4.43 2.87 Lc/523 5.73 3.85 Lc/390 2847 
300.1-X 3.82 4.75 4.70 5.75 4.07 Lc/443 6.46 7.73 5.59 Lc/322 3194 3218 
300.2-X 4.12 5.14 3.83 Lc/470 6.91 5.26 Lc/342 3485 
300.2-Y 4.42 5.65 4.24 Lc/424 7.54 5.83 Lc/309 3009 
350.2-X 4.02 4.83 5.03 6.16 4.96 Lc/424 7.05 8.64 6.95 Lc/302 4211 4089 
350.2-Y 5.34 6.65 5.18 Lc/406 9.33 7.26 Lc/289 3974  
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kN, 6.28 kN and 6.91 kN for the quasi-permanent combination in the 
case of public use. It can be seen in the paper displacement curve graphs 
(Fig. 5) that these load values find in a completely linear phase of 
behavior. Under these conditions, as long as the cracking of the concrete 
does not start, the analytical model using the gamma method allows us 
to know the distribution of stresses in any cross section of the piece. The 
maximum tension stress obtained considering load values corresponding 
to public use buildings, which is the most unfavorable situation, are 2.67 
N/mm2, 2.35 N/mm2 and 2.22 N/mm2 for the overhaning spans of 1.50 
m, 1.80 m and 210 m, respectively. These values are clearly below the 
tension resistance of concrete with fibers obtained in tests, which was 
4.00 N/mm2, which means that no type of cracking occurs. Even 
assuming that the concrete did not have the addition of fibers, the ten-
sion resistance according to Eurocode 2 would be 2.9 N/mm2, higher 
than the tension stresses obtained corresponding to the most unfavor-
able hypothesis. 

These results correspond to what was observed during the tests 
where no type of cracking was observed up to values higher than those 
of the service load. And, in any case, as already indicated, the possible 
cracking would not be a problem as long as its opening did not reach the 
limits set by the regulations, an issue easily controllable with the amount 
of the reinforcement provided. 

Another question to be raised with the test results is that the failure 
behavior was quite brittle. This type of failure is characteristic of 
bending failure due to tensile breakage of the timber fibers. As the 
bending moment of failure approaches, pops begin to be heard corre-
sponding to the first fibers that begin to break before the failure of the 
beam. In the tests carried out, the brittle failure occurred in all pieces, 
since either it started in some pieces with the breaking of the fibers in the 
board, or due to a shear failure in the connection of the birch plywood 
with the GLT flange in others, mechanisms that in both cases lack 
ductility, so that failure, when it is reached, occurs abruptly. 

In any case, it should be noted that the lowest value obtained of 
ultimate load was 5.55 times higher than the design value of a building 
with loads for public use, and 8.03 times in the case of residential use. 
Therefore, the level of security far exceeds regulatory requirements. 

On the other hand, we have indeed thought of a solution that will 
undoubtedly improve the ductility of the system’s behavior. In the tests 
carried out, the board is continuous throughout the length of the piece. 
This means that in the section corresponding to the interior support the 
board is highly tensioned, which gives rise to sudden and brittle failure. 
However, in the proposed solution of cantilever floors and continuous 
floors over several supports, the floors located on each side of the beam 
support independently on it, so the board is interrupted, as can be seen 
in Fig. 1. In this way, the negative bending moment in the support 
section is resisted only by tension in the reinforcement bars and 
compression in the GLT flange, leaving the board as an element whose 
main function is to transmit the shear forces. Given that the shear failure 
of the connection board-concrete is ductile, as the tests we have carried 
out have shown [13], we understand that the progressive cracking of the 
concrete will allow a ductile failure and a redistributive capacity of the 
bending moments. 

3.2. Bending stiffness 

Tables 2 and 3 collect the displacement values corresponding to the 
two situations analysed: a building for residential use (total uniform 
distributed load of 5.00 kN/m2 and enclosure load at the point of 2.50 
kN) and a building for public use (total uniform distributed load of 9.00 
kN /m2 and enclosure load at the end of 2.50 kN). In addition, another 
load situation (3 kN/m2 and enclosure of 2.50 kN) has been added in 
order to determine the stiffness of the element in a representative section 
of the load-displacement curve. The values w3, w5, w9 indicate the 
displacement value at the free end for each of the load situations ana-
lysed. To determine the bending stiffness of the overhanging beam, it 
must be considered that the double support system does not achieve a 
completely effective simulation of the embedment. To take this effect 
into account and determine the real deflection of the piece due to the 
bending induced by the load, the effective value of the displacement at 
the free end (wef) has been determined, discounting to the total 
displacement at the free end the displacement due to the rotation pro-
duced in support. 

The Table 2 also includes the effective bending stiffness (EIt) calcu-
lated using Eq. (1), in which the deformation due to shear stress has been 
taken into account, the magnitude of which is significant as it is a short 
piece with a point load applied in the free end. Lc is the cantilever span; 
Le is the distance between supports; G is the transverse elastic modulus of 
the rib (650 N/mm2); As the effective area at shear stress with values of 
40x220 mm2, 40x270 mm2 and 40x320 mm2 for specimens of 250 mm, 
300 and 350 mm height, respectively; F9 is the point load equivalent, in 
terms of maximum deflection, to the load hypothesis considered corre-
sponding to a building for public use (9 kN/m2) and an additional 
enclosure load of 2.5 kN, F3 is the point load equivalent to an uniformly 
distributed load of 3.0 kN/m2 and the same additional enclosure load 
and (w9-w3) is the increase of deformation for the given load variation. 

EIt =
L2

c(Lc + Le)

3
[
(w9 - w3)

(F9 - F3)
- Lc

GAs

] (1) 

As can be seen in the Table 2, the relative total deflection values are 
between Lc/358 and Lc/523 for a load of 5.0 kN/m2 and between Lc/266 
and Lc/390 for a load of 9.0 kN/m2. In the Eurocode 5 [23] a limitation 
range is established for the instantaneous deflection of overhanging 
beams from Lc/150 to Lc/300, establishing the national annexes of the 
Eurocode for greater precision. The Spanish annex establishes the value 
of Lc/150. Consequently, it is observed that the results obtained are 
clearly satisfactory in terms of both the integrity of the construction 
elements and the comfort of the user. 

Table 3 shows the average values of the bending and shear de-
flections for each type of specimen, as well as the percentage that shear 
deflection represents in the total deflection. The high repercussion that 
shear deformation has on the total deformation, clearly higher than that 
obtained in building structures with other materials, is a consequence of 
several factors. The first is that the tested pieces have a reduced span and 
a point load was applied to them at their free end. It is a configuration in 
which the repercussion of the shear deformations is clearly higher 
compared to pieces with a larger span and uniformly distributed loads. 

Table 3 
Mean values of rotation angle at the support (Φ), bending deflection (wb) and shear deflection (wsh) for different service loads.   

Residential use building 
Qtotal= 5.0 kN/m2 

Pclosing=2.5 kN 

Public use building 
Qtotal= 9.0 kN/m2 

P closing=2.5 kN  

Φ wb wsh wb/ (wb +wsh) Φ wb wsh wb/ (wb +wsh)  

[rad].10-3 [mm] [mm] % [rad].10-3 [mm] [mm] % 
250 0.92 2.54 1.14 31.0 1.24 3.41 1.53 31.0 
300 0.57 2.84 1.21 29.8 0.79 3.90 1.66 29.8 
350 0.45 3.80 1.27 25.1 0.63 5.32 1.78 25.1  
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Secondly, the birch plywood board has a low MOR value (650 N/mm2) 
compared to MOE (8925 N/mm2). Finally, a rib with a reduced thick-
ness (40 mm) has been used, which increases the shear stresses and, 
consequently, its deformation. 

Fig. 7. DIC analysis of specimen 300.2-Y corresponding to a load of 15.32 kN and 54.19 kN  

Fig. 8. Strain distributions of the support section of specimen 300.2-Y obtained by DIC for different load values  

Fig. 9. Curves PSD-Frequency  

Table 4 
Floor vibration criteria according to floor performance level [31].   

Floor performance levels 

Criteria I II III IV V VI VII 

Stiffness criteria for all 
floors w1kN [mm] ≤

0.25 0.25 0.5 0.8 1.2 1.6 no 
criteria 

Response factor R ≤ 4 8 12 16 24 32  
Frequency criteria for all 

floors f1 [Hz] ≥
4.5 

Acceleration criteria for 
resonant vibration 
design situations arms 

[m/s2] ≤

0.005 R 

Velocity criteria for 
transient vibration 
design situations vrms 

[m/s] ≤

0.0001 R  

Table 5 
Recommended selection of floor performance levels [31].  

Use category  Quality choice Base 
choice 

Economy 
choice 

A (residential) Multi- 
storey 

level I, II, III level IV level V 

Single 
house 

level I, II, III, IV level V level VI 

B (office)  level I, II level III level IV  
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The deformational behavior of the support section, in which the 
maximum bending moment is located, has been analysed by means of 
DIC. Fig. 7 shows the tracking points and inspection labels corre-
sponding to two stages of the loading process. The first of them corre-
sponds to an applied load of 15.32 kN (equivalent to a uniformly 
distributed load of 23.74 kN/m2 + enclosure of 2.50 kN) to which a 
displacement at the free end of 21.47 mm corresponds. The second stage 
corresponds to the moment just before the failure reached with a load of 
54.19 kN (equivalent to 95.72 kN/m2 + enclosure of 2.50 kN) and a 
displacement of 124.93 mm. 

Fig. 8 shows the strain distribution in the analysed points of the 
section for different load values. It can be seen that the resulting position 
of the neutral axis is located 45 mm from the lower edge of the piece, 
which means that practically the entire GLT flange is under compression 
stresses with normal strain values far shorter than the failure values. In 
an opposite way, the plywood rib in the area where it meets the concrete 
has reached a normal strain of 0.49% with a tensile stress of 45.09 N/ 
mm2 obtained considering the global MOE of the board of 9296 N/mm2. 
These values fully justify the experimental reality observed with a 
breakage of the piece initiated in the upper part of the rib. On the other 
hand, the elongation experienced in the fibre corresponding to the po-
sition of the negative reinforcement bars has been 1%, which indicates 
that the bars are completely in the elastic phase. 

3.3. Vibrational behavior 

In order to complete the analysis of the behavior in service of the 
cantilever floors, it has been considered essential to know the dynamic 
response of the pieces. To this end, an experimental analysis of the 
behavior against the limit state of vibrations has been carried out. The 
experimental analysis has been carried out on a specimen of each of the 
lenghts used. Specimens 250.2-X, 300.2-Y and 350.2-Y have been ana-
lysed. The procedure consisted of exciting the system by an impulse 
reached by hitting with an instrumented hammer and measuring the 
response with a Bosch Sensortec BMI160 inertial measurement unit. The 
results obtained considering only the self-weight of the pieces, were 
natural vibration frequencies of 15.0, 14.6 and 14.0 Hz for the spans of 
1.5, 1.8 and 2.1 m, respectively (Fig. 9). 

In order to know the behavior of the pieces in real load situations, 
they were analysed using the RF-/DYNAN Pro natural vibrations Add-on 
Module for RFEM (Dlubal Software GmbH 024396 License), based on 
modal decomposition (modal analysis). This add-on determines the 
lowest eigenvalues of the model with a direct import of masses from load 

cases. A previous analysis was carried out to achieve an adequate model 
that reproduces the test estimated properties. An analytical model was 
applied to estimate the stiffness in relation to the natural frequencies (f1) 
obtained in test, considering the supporting conditions (Eq. (2)). 

f1 =
1

2π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3EI

0.24μL4
c

√

(2)  

Where μ represent the equivalent mass from self-weight (kg/m2) 
This stiffness was transferred to a deflection analysis, achieving a 

second comparative value with respect to the deflection test results. 
These calibrated models, equivalent to the 250.2-X, 300.2-Y and 

350.2-Y samples, are considered in a vibration serviceability behavior 
taken into account the described two load configurations, residential 
consideration (total load of 5.0 kN/m2) and public spaces (total load of 
9.0 kN/m2) and, in both cases, an additional end load due to the 
enclosure of 2.50 kN was considered. 

The Eurocode Basis of structural design [28] describes the principles 
and requirements for safety, serviceability and durability of structures. 
In relation to dynamic actions and serviceability limit states, the Euro-
code Basis of structural design establish that vibrations must be 
considered as they can cause discomfort or affect the functional effec-
tiveness of the structure. The Annex A1, Application for Buildings, de-
termines that for the serviceability limit state of a structure or a 
structural member not to be exceeded when subjected to vibrations, the 
natural frequency of vibrations of the structure or structural member 
should be kept above appropriate values which depend upon the func-
tion of the building and the source of the vibration. In relation to these 
limitations, the Eurocodes give only recommendations for estimated 
limits for eigenfrequencies, e.g. 3 Hz or 8 Hz depending on the con-
struction material, or they give reference to ISO-standards as ISO 10137 
[29] and ISO 2631 [30], which give general criteria for the perception of 
vibrations and could be the basis to develop more detailed design rules 
for vibrations specific to particular structures and types of excitation. 
Eurocode 5 [23] deals specifically with the design of timber buildings 
and contains a chapter on vibrations in timber floor structures which 
could be found in Appendix G. In this standard 8 Hz fundamental fre-
quency is established as a limit value, so an special investigation should 
be made for values under this limit. 

The revised EC5 [23], developed by SC5/WG3 subgroup 7 [31] on 
Floor Vibrations and Design Floor Structures for Human Induced Vi-
brations [32] (considered as a supplement to EN 1990 [28]) in-
corporates a new vision about vibration effects in relation to comfort 

Fig. 10. FEM analysis of specimen type 300. Thickness 300 mm. Lc=1.80 m. A-Meshed. B-Deformation for 9.0 kN/m2 and 2.50 kN at the free end of the overhanging 
beam. C-Frequency for selfweight. D-Frequency for 9.0 kN/m2 and 2.50 kN the free end of the overhanging beam. 
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assessment. It applies to floors in office and/or residential buildings that 
might be excited by human activity and which can affect the comfort of 
other building users. Both documents are focused on the evaluation of 
the response against human induced vibration, categorizing the struc-
tural response in terms of adequate comfort levels. The first document 
establishes a vibration criteria organized in six floor performance levels. 
Table 4 sets a series of requirements in relation to the vibration 
behavior, so further investigations are necessary if these requirements 
are satisfied. In addition, Table 5 determines recommendations to select 
and adequate comfort level in relation to the destination or use of the 
floor and the expected quality of construction. 

These considerations are of interest to this case, since analysis pa-
rameters are established that comprise composite system. In this way, a 
modal damping (ξ) ratio of 2.5% is proposed for timber-concrete floors 
(3.5% for timber-concrete with a floating layer). The method fixes that 
the floor mass may include that caused by the quasi-permanent value of 
the distributed imposed loads, and recommends to limit this additional 
mass to 10% of the total imposed load. The analysis determines a 
response factor R that allows to classify in a level associated to a comfort 
category. 

For transient vibration design situations, floors with a natural 
eigenfrequency greater than 8.0 Hz, the velocity criteria determines the 
response factor R, that is obtained according to the Eq. (3): 

R =
Vrms

0.0001
(3) 

The root mean square velocity (Vrms) must be calculated according to 
the Eq. (4): 

Vrms = β⋅Kimp⋅Kred⋅
Im

M* (4)  

Where 

Kimp = max

⎧
⎪⎨

⎪⎩

0.48⋅
(

b
L

)

⋅
(

EIy

EIx

)0.25

1.0
(5)  

η =

{
1.52 − 0.55⋅Kimp when 1.0⩽Kimp⩽1.5
0.69 else (6)  

β = (0.65 − 0.01⋅f1)⋅(1.22 − 11.0⋅ζ)⋅η (7)  

Im =
42⋅f 1.43

w

f 1.3
1

(8)  

M* = 0.64⋅μ⋅L (9) 

Kimp is the impulsive multiplier factor; Kred is a reduction factor (0.7), 
taking into account that the exciting source on the floor and the sensing 
person are at a distance from each other; Im is the mean modal impulse 
(N.s); fw is the walking frequency (1.5 Hz); M* is the floor modal mass 
(kg); and μ is the total mass of the floor area (kg/m2). A modal damping 
ratio (ξ) of value 0.035 was adopted. 

There is a second condition in relation to natural frequencies under 
8.0 Hz. In this case a resonant floor is considered and an acceleration 
criterion is used. The root mean acceleration (arms) is obtained according 
to the Eq. (10): 

arms =
0.4αF0

2
̅̅̅
2

√
ξM*

(10)  

Where: 
α = e− 0.4⋅f1 is the Fourier coefficient 

F0 is a vertical load from the person giving rise to the disturbance, set 
to 700 N 

The response factor (R) for the acceleration criteria is obtained Ta
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J. Estévez-Cimadevila et al.                                                                                                                                                                                                                   



Engineering Structures 291 (2023) 116460

11

according to the Eq. (11): 

R =
arms

0.005
(11) 

The analytical evaluation is complemented with the numerical FEM 
models previously calibrated, obtaining the eigenfrequency for each 
combination, simple depth, and load consideration. Fig. 10 collects the 
model corresponding to the pieces with a depth of 300 mm and span 
Lc=1.80 m. From each reference value of natural frequency, the 
response factor (R) is determined, and the corresponding level is 
established, allowing to determine the comfort response of the floor 
(Table 6). 

The results obtained from the response factor (R) indicate a low floor 
performance level that corresponds to the so-called economy choice. 
This is a consequence of the use of a FEM model that simulates the 
behavior of the experimental specimens (Fig. 4) but not that of the usual 
structural typologies. In a real structure, the length of the span adjacent 
to the cantilever is usually greater than the 0.75 m separation between 
supports of the tested pieces. For this reason, new FEM analyses have 
been carried out using spans with a separation between supports equal 
to 4 times the span Lc of the overhanging floor (Fig. 11); that is, spans 
with a slenderness Le/24 in correspondence with overhanging floors 
with a slenderness Lc/6. The results are collected in Table 7 in which the 
eigenfrequencies corresponding to vibration mode 2 associated with the 
most unfavourable situation of the cantilever are indicated. 

As can be seen in Table 7, the situation at the comfort level for 
overhanging floors with a slenderness Lc/6 and an adjacent span of 
Le=4Lc (slenderness Le/24) is substantially better than that with an 
adjacent span of Le=0.75 m. For an adjacent span of Le=4Lc a comfort 
level II was obtained in all cases, both for multi-storey buildings for 
residential use and for offices, with total loads of up to 9.0 kN/m2. This 
comfort level II corresponds to quality choice performance, according to 
Table 5. This means that the range of slenderness considered leads, 
regarding to vibrations, to high levels of comfort in use. 

4. Conclusions 

The behavior of timber-concrete composite floors in an overhanging 
configuration consisting of a prefabricated T-shape piece formed by a 
GLT flange glued to a plywood rib and connected to an upper concrete 
slab poured in situ has been analysed. 

Three-point bending tests were performed with a total of 8 specimens 
obtained using the undamaged extreme quarters of the beams tested in 
previous four-point bending tests. All specimens were tested with a 
length-to-depth ratio equal to 6 (3 specimens of 1.50 m span and 25 cm 
height, 3 of 1.80 m and 30 cm and 2 of 2.10 m and 35 cm). 

The results obtained indicate that possible hidden damages not 
detected would not be meaningful enough to significantly affect the 
results obtained and, in any case, would still make the results obtained 
more favourable. 

The ultimate load values obtained for Lc=1.50 m were 9.90 and 7.18 
times the design load considered for residential buildings (Qtotal=5.0 
kN/m2) and for public use (Qtotal=9.0 kN/m2), respectively. In the case 
of Lc=1.80 m, these coefficients become 8.21 and 5.80. Finally, for 
Lc=2.10 m, values of 8.03 and 5.55 are obtained. All this demonstrates 
the high bearing capacity of the solution. 

Two types of failure have been observed after a marked cracking 
process in the concrete when approaching the ultimate load value. 
Tensile failure affecting the plywood rib, produced in three of the eight 
specimens, and shear failure at the glulam interface flange-plywood rib 
joint in the remaining pieces. The load values that led to both types of 
failure were very similar, which indicates a fairly tight dimensioning of 
the elements that make up the section, as there was not a single resistant 
mechanism that precipitated the failure. 

The most unfavorable deflection values obtained for the design load 
considered for residential buildings (Qtotal=5.0 kN/m2) and for public 
use (Qtotal=9.0 kN/m2) have been Lc/ 358 and Lc/266 for specimens 250 
mm thick and with a span of 1.50 m; Lc/424 and Lc/309 for specimens of 
300 mm and Lc=1.80 m; Lc/406 and Lc/289 for specimens of 350 mm 

Fig. 11. FEM analysis of specimen type 300. Thickness 300 mm. Lc=1.80 m. Le=4Lc. Frequency for 9.0 kN/m2 and 2.50 kN at the free end of the overhanging beam.  

Table 7 
Response factor R and floor performance levels for overhanging floors with adjacent span of Le=4Lc.  

Case Span Mass Eigenfrecuency  Velocity Criteria  Comfort  

Le Lc M* FEM  Im V1,peak Kimp ξ η β Vrms R  Level  

[m] [m] [kg] [Hz]  [N.s] [m/s]  [%]   [mm/s]    
250.Q5 6.0 1.5 2106 11.89  3.00 0.0010 1.00 3.50 0.97 0.430 0.429 4.29  II 
250.Q9 6.0 1.5 2691 10.53  3.52 0.0009 1.00 3.50 0.97 0.441 0.403 4.03  II 
300.Q5 7.2 1.8 2394 10.37  3.59 0.0010 1.00 3.50 0.97 0.443 0.464 4.64  II 
300.Q9 7.2 1.8 3096 9.04  4.29 0.0010 1.00 3.50 0.97 0.453 0.439 4.39  II 
350.Q5 8.4 2.1 2683 9.27  4.15 0.0011 1.00 3.50 0.97 0.451 0.489 4.89  II 
350.Q9 8.4 2.1 3552 8.02  5.01 0.0010 1.00 3.50 0.97 0.462 0.462 4.62  II  
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and Lc=2.10 m. These results amply satisfy both requirements usually 
associated with the assessment of integrity of the construction elements 
and that of user comfort. 

The numerical models for vibrations made with a slenderness Lc/6 
and an adjacent span of Le=4Lc with total loads of up to 9.0 kN/m2, both 
in multi-storey buildings for residential and public use, presented level II 
comfort corresponding to quality choice performance. 

Although the number of full-scale prototypes tested is not high 
enough to have adequate statistical reliability and it should prevent 
from drawing definitive conclusions, the ultimate load reached in all the 
tests, and the uniformity of results in terms of stiffness that amply satisfy 
rules requirements, support the feasibility and interest of using the 
system developed in the field of negative bending moments behaviour. 
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Perforated board shear connector for timber-concrete composites. Wood Mater Sci 
Eng 2023;18(3). https://doi.org/10.1080/17480272.2022.2089594. 
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