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ABSTRACT 

Raised floor systems are mainly used in commercial environments and several 
materials are used as coverings, such as porcelain tiles. Consequently, the thickness of 
the tiles can influence the performance of raised floor systems and restrict their use. 
There are no studies on the use of ceramic tiles in raised floor systems regarding the 
supported loads and deformations. In this work, the effect of the thickness of a porcelain 
tile on the strength of raised floor system is studied, considering the stresses and strains 
as a function of the applied load. The breaking load, flexural strength, water absorption, 
and coefficient of restitution of a porcelain tile were determined according to ISO 10545 
and ISO 13006 standards. The hard-body, soft-body and concentrated load impact 
resistance of the raised floor system was determined according to BS 7976 standard. 
ANOVA was used to analyze the maximum stress and strain supported by the system, 
as well as the coefficient of restitution and the impact damping factor. A qualitative 
analysis of the system was also carried out after the end of the tests. This showed that 
the layout of the bases had no influence on the strength of the raised floor system (p-
value = 0.84; R² = 91.3%).  
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On the other hand, the thickness of the ceramic tiles was critical for the maximum 
load withstood by the system (95% confidence level; p-value = 0.011; R² = 91.3%). 
As the thickness of the porcelain tile increased, system strength rose. The tensile 
strength of the raised floor system is related to the strength of the individual ceramic 
tiles. The average breaking load changed depending on tile thicknesses: for tiles with 
12-mm thickness, the average breaking load was 3760 N; for tiles with 16-mm 
thickness, the average breaking load was 7041 N; and for tiles with 20-mm thickness, 
the average breaking load was 12268 N. Therefore, the thickness of the porcelain tiles 
changes the strength of a raised floor system. It is necessary to create a specific 
international standard for raised floor systems using ceramic materials to guide the 
proper selection of materials, ensuring the safety and performance of raised floor 
systems worldwide. 

 

1. INTRODUCTION 

The first applications of the raised floor system date back to the 1950s. However, 
since the 2000s the adoption of this system has been significant, driven by the 
advancement of the technology [1]. Since that time, this system has been used in 
corporate environments, mainly due to the efficiency of ventilation, air quality and 
reduction of energy consumption. In addition, the system can easy be installed in spaces 
under the cladding, providing ease of maintenance, giving users flexibility in changing 
the layouts of areas when necessary [2]. As a result, raised floor systems have been 
increasingly used, mainly in commercial buildings, often combined with “Underfloor Air 
Distribution” (UFAD), a system for air distribution in open areas under the raised floor. 
This integration provides buildings with better air circulation, increasing energy 
efficiency and air quality [3]. 

Because communications are processed using computers and the technologies 
are based on the Internet, companies have had to adapt to them [4]. These systems 
correspond to 50% of new construction projects in Germany, Austria, and Denmark, 
according to Olesen [5]. They are installed in 85% of rural homes in northern China, 
according to Zhuang et al. [6] and in almost all residential buildings in Korea [7]. These 
numbers have increased significantly over time worldwide. 

Therefore, the development of products and structures used for raised floor 
systems has also undergone many innovations. Modern raised floor systems can feature 
a variety of floor panels, understructures, and auxiliary components [8]. The system 
can be composed of different types of materials and has complex layers and geometries 
and must meet structural performance requirements [9]. 

The raised floor systems presented in this work consist of self-locking removable 
floor plates, supported on telescopic supports, both made of thermoplastic 
polypropylene, which establish a space between the concrete base and the finished 
raised floor [10]. The finishing layer of the system can be formed by various materials, 
such as concrete, carpet, natural rock slabs, wood, and ceramics, especially porcelain 
tiles, or even new materials such as phase-change materials (PCMs) [11].  
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Regarding porcelain tiles, according to CSTB [12], the minimum thickness must 
be 18 mm; however, the current European market usually uses a thickness of 20 mm. 

Ceramic materials have a limited capacity for plastic deformation in most of their 
applications, presenting a brittle behavior. Therefore, the mechanical resistance of 
these materials is dictated by the material's ability to undergo the application of a load 
without failing by rupture, and ceramics are particularly sensitive to the presence of 
internal flaws, which determine their ultimate strength [13]. 

As ceramic tiles are frequently used in raised floor systems, it is necessary to 
consider the intrinsic properties that directly influence their performance. Although 
there are studies focused on the thermal performance of raised floor systems 
[14][15][16][17][18][19][20][21], there are no works evaluating the loads and 
deformations of raised floor systems when using porcelain tiles as the finishing layer. 

Therefore, this work was undertaken to analyze the loads and deformations of 
raised floor systems when porcelain tile is used as covering/finishing layer. An unglazed 
porcelain tile was used with 12-, 16- and 20-mm thicknesses. 

 

2. MATERIALS AND METHODS 

The first step was the selection of the elements of the raised floor system. A 
polypropylene base and an unglazed porcelain tile were used. The height of the system 
was adjusted to 1200 mm using a rigid tube, the most critical height according to the 
manufacturer's specifications. The unglazed porcelain samples were classified as BIa 
UGL, measuring 60×60 cm, with thicknesses of 12, 16 and 20 mm. The thicknesses 
were measured according to ISO 10545 [22][23] and the breaking load, flexural 
strength modulus and water absorption were determined according to the same 
standard. The raised floor systems were built to carry out the hard body, soft body, and 
concentrated load impact tests, all in triplicate for each thickness. 

In the hard body and soft body impact tests, the main factor was the region of 
impact on the porcelain tile surface, located in the center of the systems (sets) for both 
tests, according to the BS EN 12825 standard. For the hard body test, the masses of 
the impact bodies were reduced from 4.5 kg to 250, 350 and 500 g to avoid perforating 
the tiles and thus obtain the restitution coefficients. The coefficients were determined 
using an accelerometer (PCB Piezotonics 350C04) fixed to the surface of the ceramic 
tile. The data was analyzed by LabView® software using a signal conditioner. 

In the concentrated load test, deformations were measured at pre-defined load 
application positions. Strain gauges were positioned on the surface of the ceramic tiles 
and vertical displacements were measured using an LVDT, both connected to a data 
acquisition unit, controlled by the Catman Easy software. 
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The contact area of the load applicator and the position of the strain gauges (A, 
B and C) were determined according to the standard guidelines for the center of the 
raised system, the center of an edge, on the side of the raised system, and the most 
fragile area of the system. To identify a potentially more fragile area, the set of supports 
(bases) of the raised floor system was examined, Fig.1. The areas marked in green 
correspond to the regions where the supports connect to the system and, therefore, the 
region devoid of support points (bases) was identified as the most vulnerable. This 
illustration offers a detailed view of the load configuration in relation to the system's 
support points. 

 

 
Figure 1. Concentrated load test according to BS EN 12825 standard: (a) Top view of the 

base coupling; (b) Set 1; (c) Set 2; (d) Set 3 

Set 01, placed in the center of the raised system, covers the entire area of a 
support, positioned directly below the region where the load is applied. Set 3 covers 
half the area of a support, while for set 2 there is no support under the area where the 
load is applied in the raised systems. 

A 2k factorial experimental design was used with three central points, where the 
thickness of the tiles and the position where the load is applied are the main factors. 
The strength of the raised floor systems is the response. The factors and levels were 
determined based on the concentrated load test variables according to the BS EN 12825 
standard (2001). 

The thicknesses were defined based on the tiles commonly used in raised floor 
systems, both in Brazil and Europe. Level (0) corresponds to the thickness usually used 
in raised floor systems in the Brazilian market. Level (-1) was defined to reduce costs 
for a lower thickness. Level (+1) was defined based on the thickness commonly used 
in raised floor systems in the European market. The sets, which define the position 
where the load was applied on the raised systems, were defined according to regulatory 
guidelines. Level (-1) was established as the center of the system, level (+1) at the 
center of one of the edges, and level (0) between these two positions. 
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3. RESULTS AND DISCUSSIONS 

a) Breaking load and flexural strength modulus: 

The breaking load and flexural strength modulus for the porcelain tile used in the 
study can be seen in Fig.2. The blue bars represent the breaking load while the red line 
shows the flexural strength. The samples showed breaking loads and flexural strengths 
in accordance with those specified by the ISO 13006 [24] standard, exceeding the 
minimum values of 1500 N and 35 MPa, respectively. 

As tile thickness increases, the breaking load increases. All samples have the 
same modulus of rupture, regardless of the thickness. According to Silva et al. [25], 
breaking load is linked to the microstructure of the material. For a constant 
microstructure, a thicker tile will have a higher breaking load compared to thinner tiles. 
Flexural strength is also related to a material’s microstructure, so samples with different 
thicknesses and the same microstructural composition tend to have a similar modulus. 
The same breaking load behavior with regard to thickness was found by Abad-Coronel 
et al. [26]. 

 

 
Figure 2. Breaking load (BL) and flexural strength (FS) (MPa) of the porcelain tiles 

 

 

b) Water absorption and apparent density 

The water absorption (WA) of the samples is shown in Fig.3. The blue bars show 
the water absorption, and the red lines show the apparent density. The water absorption 
of the tiles was below 0.1 wt.%, being classified as BIa UGL, according to the ISO 13006 
[24] standard for porcelain tiles. There is a slight tendency for water absorption to 
increase with reduced thickness. The thinner samples were prepared by machining the 
surface of the tiles, therefore opening the pores near the surface, increasing the open 
porosity and the water absorption. Wiśniewska et al. [27] showed that increasing the 
open porosity also increases water absorption. All samples showed similar apparent 
density and flexural strength [28]. García-Ten et al. [29] show a linear relationship 
between the flexural strength and the apparent density of the material (R² = 0.997). 
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Figure 03. Water absorption (%) and apparent density (g/cm³) 

 

c) Hard body impact: 

The average coefficient of restitution (KR, dimensionless) of the raised systems 
subjected to the hard body impact is shown in Tab.1 for the mass of the impact bodies 
(250, 350 and 500 g) and thicknesses of the tiles (20, 16 and 12 mm). 

 

Height (m) Energy (J) Mass (g) DBS1 12 DBS1 16 DBS1 20 

0.6 1.5 250 0.11 0.20 0.32 

0.6 2.1 350 Failure Failure 0.25 

0.6 3.0 500 Failure Failure 0.14 

Table 1. Analysis of the coefficient of restitution (KR) in the hard body impact test 
 

The tests performed with the 500 g body resulted in failure of the 12- and 16-
mm raised systems at the first impact, and the restitution coefficient was not 
determined for them. For the 20-mm raised system, failure occurred at the third impact, 
and the average KR was 0.14. Regardless of the thickness, no raised system complied 
with the standard specifications. For the 350 g impact body, the 12- and 16-mm raised 
systems failed at the first impact. The 20-mm system resisted the impact of three 
impacts without failure, resulting in an average KR = 0.25. All systems resisted the 
impacts of the 250 g body. The 12-, 16- and 20-mm prototypes resisted three 
consecutive impacts without failure. The average KRs were 0.11, 0.20 and 0.32, 
respectively. The failures due to the hard body impact tests are shown in Fig.4. 

 

 
Figure 4. Hard body impact test (a) DBS1 12 (b) DBS1 16 (c) DBS1 20 

 

a 

a b c 



 

 

www.qualicer.org I  7 

d) Soft body impact: 

The analysis of the soft body impact test was divided into the raised floor system 
(polypropylene material) and the porcelain tile (ceramic material) for the worst failure 
of the raised systems. The soft body impact test of the raised floor systems is shown in 
Tab.2 considering the height of the impact body release (0.30-2.40 m) for the 12-, 16- 
and 20-mm systems (MBS1 12, MBS1 16 and MBS1 20, respectively). The failed tiles 
and collapsed system (marked with * in Tab.2) after impact are shown in Fig.5. 

 

Altura 
(m) 

Energía 
(J) MBS1 20 MBS1 16 MBS1 12 

0.30 120 No failure No failure Tile failed*; system 
collapsed 

0.45 180 No failure No failure - 
0.60 240 No failure No failure - 

0.90 360 No failure Tile failed*; 
system failed - 

1.00 400 No failure - - 
1.20 480 No failure - - 

1.80 720 Tile, no failure; system 
collapsed* - - 

2.40 960 - - - 

Table 2. Qualitative analysis of the soft body impact test 
 
 

 
Figure 5. Soft body impact test (a) MBS1 20 system collapse; (b) MBS1 16 porcelain tile 

failure (360 J); (c) MBS1 12 porcelain tile failure (120 J) 
 

The 20-mm raised floor system (MBS1 20) collapsed with an impact energy of 
720 J; the porcelain tiles did not fail. Therefore, the support had lower performance 
than the porcelain tiles. The support and the porcelain tiles showed the same 
performance for the 16-mm system (MBS1 16), failing at an energy of 360 J. For the 
12-mm raised floor system, the support performed better than the porcelain tiles, as 
the tiles failed with an impact energy of 120 J and the supports remained intact. 

According to the BS EN 12825 (2001) standard, the raised system should not 
collapse under an impact energy of 400 J (corresponding to a soft body impact at 1 m 
height). Therefore, in this work, only the MBS1 20 prototype, with a tile thickness of 20 
mm, passed the test. 

   

 

a b c
a 
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e) Concentrated load (BS EN 12825) 

For the concentrated load test, load (N) versus deformation (µm) was determined 
considering the tile thicknesses and raised floor systems, Fig.6. The load was applied to 
the raised systems until any component failed. 

For all sets, the 20-mm raised floor system showed the highest resistance, 
followed by the 16-mm system and finally the 12-mm system. Therefore, the failure 
resistance of the raised floor system depends on the thickness of the ceramic tile, that 
is, the greater the tile thickness, the greater the mechanical resistance of the raised 
floor system [30][31], mainly when the microstructure of the tiles is the same 
independently of the thickness [25]. 

Regarding deformation, ceramic materials show limited elastic deformation, as 
they have a higher modulus of elasticity, low plastic deformation and, therefore, greater 
flexural rigidity, that is, they are brittle materials [32]. However, as the raised floor 
system is a set of polymeric and ceramic materials, the deformation was influenced by 
the polymeric material with an elastic behavior as opposed to that of the ceramic 
material [33]. The deformation of sets 1 and 3 (see Fig.1) was higher for 12-, 16- and 
20-mm porcelain tile thicknesses, in this order. For set 2, the 12- and 16-mm systems 
showed similar deformation. The 20-mm system showed the smallest deformation, and 
the polypropylene support broke before the ceramic tile. 

 

 
Figure 6. Concentrated load test according to BS EN 12825; stress × strain curve 

 

Lamnini et al. [34] studied the stress-strain curves for ceramic and composite 
materials, showing similar elastic behavior. However, in this work, the stress-strain 
curves show the elastic behavior of the ceramic tiles + polypropylene support of the 
raised floor systems, and the elastic behavior is different. 

The load versus raised system sets (load positions) are shown in Fig.7. The blue 
bars show the maximum load supported by the systems. The set configurations and 
failure types are shown on the horizontal axis. Failures in the porcelain tiles are 
indicated as "PP", while the collapse in the system support are identified as "SPE". The 
error bars comprise the standard deviation for three samples. 
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Figure 7. Concentrated load test according to BS EN 12825; maximum load × sets 

 

Sets 1 and 3 show the highest resistance to failure for the same thickness (12 
and 20 mm) due to the higher maximum loads for these loading positions (see the error 
bars). For set 1, the load is applied directly on the whole area of the PP support. The 
load is applied over half of the area of the PP support on set 3. On set 2, there is no 
supporting component under the load, and this set is the most fragile raised system 
(see Fig.1). The CBS2 20 raised system (set 2, 20-mm tile) shows a distinct behavior. 
There was a collapse in the PP support before the failure of the porcelain tile, which 
remained intact, Fig.8. 

The buckling behavior of the polypropylene support of the raised floor system is 
also an important factor for analysis. Ostrowski et al. [35] and Sun et al. [36] analyzed 
buckling under axial compression of metallic alloy tubes and the visual analysis of 
buckling of this work. However, the stress-strain curves are totally different. On the 
other hand, for CBS1 20 and CBS3 20 systems (sets 1 and 3, respectively, for 20-mm 
tiles) only bending of the tiles occurred. 

 

 
Figure 8. Concentrated load test according to BS EN 12825: (a) DBS1 20; (b) DBS2 20 

front side; (c) DBS2 20 lateral side 
 

The BS EN 12825 (2001) standard establishes that raised floor systems must 
have a minimum breaking load (L) equal to or greater than 4000 N and a maximum 
vertical displacement of 4 mm. However, the raised floor system with 12-mm thick 
porcelain tiles did not meet this standard, as their breaking load was below 4000 N. On 
the other hand, the 16- and 20-mm raised systems met the requirements.  

 

 

(a) (b) (c) 

a b c 
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Regarding deformation, the vertical displacements in each system were less than 
2.5 mm, and all systems complied. Therefore, the CBS 16 system was classified as 2A 
and the CBS 20 system as 5A, according to the standard. 

The breaking load of the raised floor systems and that of the porcelain tiles alone 
can be seen in Fig.9. The blue bars show the maximum breaking load of the porcelain 
tiles, and the red bars show the maximum breaking load of the complete raised floor 
systems. The error bars comprise the standard deviation. 

Considering the standard deviations, the polymeric supports do not increase the 
strength of the raised system regarding the strength (breaking load) of the porcelain 
tiles. Therefore, the strength of the raised floor system as a whole is equal to the 
strength of the ceramic tiles (R² = 0.999 by Pearson's correlation coefficient). 

 

 
Figure 9. Correlation of the breaking load of ceramic tiles and the breaking load of the 

raised floor system 
 

The linear regression for the ceramic tile is y = 4009.8x - 632.21 and that of the 
raised floor system is y = 4498.7x - 1004.9. Therefore, breaking load is influenced by 
tile thickness. The greater the thickness, the greater the breaking load, and the 
expected breaking load for a different thickness can be determined. As a result, it is 
possible to evaluate the expected performance of the ceramic tile at different 
thicknesses, making the appropriate specification for the desired application, ensuring 
that the chosen thickness meets the necessary resistance requirements. 
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5. CONCLUSIONS 

The analysis of the raised floor systems showed that the thickness of the porcelain 
tile directly affects the resistance of the system. The increase in the thickness of the 
tiles provided an increase in the load supported by the system, making the porcelain 
tiles suitable for use in the raised floor system. The configuration of the supports is 
enough to guarantee an even resistance of the system, that is, the loading position has 
little impact on the maximum load supported by the system. 

The raised floor systems of this work do not meet all the requirements of the BS 
EN 12825 (2001) standard. In the hard body impact test, all systems failed. In the soft 
body impact test, only the raised system with 20-mm thick porcelain tiles complied. 
Regarding the concentrated load test, only the 16- and 20-mm thick porcelain tiles 
complied. However, the requirements of this standard may not be the most appropriate 
to limit the application of ceramic materials in these systems. 

The present work not only helped to determining that the adequate thickness of 
porcelain tiles specified for use in raised floor systems will depend on the location where 
the system will be installed, but also as an indicator of the need to create a standard 
specific for raised floor systems using ceramic materials. 
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