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1 Introduction 

Since most of the buildings in need of rehabilitation in Portugal were built in the late 19th century or 

the beginning of the 20th century, the prospect of it consisting in a timber structure is more than high. In 

order to make a safe assessment of its structural behaviour, a complete inspection should take place in 

those buildings. However, most of the times, the outcome of the rehabilitation process of these 

structures is demolition.  

The problem stems from the lack of an outlined approach to this assessment of timber elements 

applied in traditional buildings, which reflects on the lack of interest from the responsible technicians. 

Without a proper guideline, one that is not familiarized with the unorthodox method of timber 

characterization, will find the demolition of the existing structure and the replacement with a material he 

knows best, to be a safer and easier way to prevent any inconvenience. This paper summarizes the 

whole assessment of timber floors in a simple and accessible way so these demolitions can be replaced 

with the preservation of the structures. 

The procedure developed in this article is somewhat similar to the one presented by Cruz et al. 

(2015), in which the main focus is the preservation of heritage on historic timber buildings. As they claim 

the difference between both assessments is the investment allocated. Having said that, it’s obvious the 

detail inherent to their study is far greater than the one needed to evaluate ordinary timber buildings.   

The visual strength grading is still the current leading technique to estimate physical and 

mechanical properties of new timber elements (Piazza & Riggio, 2008). Nevertheless, the application of 

this method in ancient timber elements is not that convenient and could lead to an underestimation of 

its structural behaviour (Machado et al. 2009). On top of that, being a technique applied to new timber 

elements, no approach concerning biological hazard is made. In this sense, Cruz et al. (2015) suggest 

two different approaches in order to overcome this limitation, being the assessment of an effective cross-

section or an equivalent density loss. 

The structural analyses according to Eurocode 5, essential for the assessment of a timber floor, is 

also covered in this document. To test both the procedure developed and the subsequent structural 

analyses, a case study which fulfilled the necessary requirements was investigated. 

Having said that, an alternative procedure for the estimation of timber properties is also covered. 

Some researchers have been testing in the past years possible correlations between the physical and 



2 

 

mechanical properties using non-destructive techniques (Piazza & Riggio, 2008; Henriques et al., 2011). 

Therefore, an experimental campaign was carried out by this study, so the correlations provided by 

some investigators could be tested and debated. 

2 Characterization of timber elements through visual strength 
grading 

As previously stated, visual strength grading currently represents the method for characterization 

of timber elements. This system visually evaluates some timber characteristics (which from now on will 

be called features) in order to restrain the usage of pieces unsuitable for structural purposes (due to the 

natural variability of wood). From all the characteristics targeted by this grading technique, only knots, 

slope of grain and rate of growth are suitable for the on-site inspection (Cruz et al., 2015). Some 

standards even replace the rate of growth for the density, since they are both related (Piazza & Riggio, 

2008). The assessment of these parameters determines a grade for each timber element and, with the 

support of EN 1912:2013, these can then be corresponded to a strength class. Hence, EN 338:2009 

provides the mechanical properties for each strength class, crucial for the second stage of the 

assessment of the structure. 

As mentioned before, this method was originally developed for new timber elements, in which the 

visual inspection takes place in a controlled environment (for example factories). However, the adoption 

of this method for on-site grading may encounter some drawbacks: 

 Limited conditions: aspects such as accessibility, cleaning and lighting should be ensured (UNI 

11119:2004). Not only do these impact the perception of the specified features, but they also 

dictate the security of the workplace. The necessary measurements like propping, scaffolding, 

brushing and artificial lightning should be judged in a preliminary assessment; 

  Invalid criteria: some parameters are disregarded from the original visual strength grading 

standards. Distortion manly affects the piece in terms of aesthetic and practical usage, 

insignificant in these cases (LNEC, 1997). Wane is considered in the geometrical survey of the 

beams. Fissures are taken into account by a Eurocode factor, defined in the second stage. 

Finally, the presence of pith cannot be established since the visual inspection of the cross-

section is restricted (ends of beams not accessible) – this parameter can only be predicted 

together with knots (more on this topic below); 

 Incompatible restrictions: the values that define each grade are established regarding 

commercial beams sizes (Cruz et al., 2015), which may not be suitable for more traditional 

solutions like rounded timber beams. 

Another important factor is the need to adjust the grading rules accordingly to the wood species. 

In addition, different countries may not share the same criteria for the grading system, as Cruz & Nunes 

(2012) believe the European Committee for Standardization failed to satisfy all nations. This resulted in 

the establishment of several standards for the same purpose, which has ultimately led to a vast amount 

of standards available, even if for the same purpose – Piazza & Riggio (2008) summed up five different 

ways to quantify the same parameter (knots) from five European countries.  
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The EN 1912:2013 comes in handy at this moment since it presents all the grading rules developed 

for each species, despite its original use is to correspond grading classes to strength classes. In the 

absence of a national standard, Cruz et al. (2015) advise to follow a grading rule from elsewhere, 

provided that it corresponds to the same species. The Portuguese case is a perfect example to 

demonstrate this particularity. Machado et al. (2009) pointed out the following wood species as being 

the most commonly used in traditional Portuguese timber structures (the respective grading rules, in 

accordance with EN 1912:2013, are shown in parenthesis, except for the English Oak which visual 

strength grading standard wasn’t achieved and so, a French standard was adopted): 

 Maritime Pine (NP 4305:1995), Longleaf Pine and Scots Pine (both based on BS 4978:2007) 

for the softwood category; 

 English Oak (NF B 52-001-1:2018), Sweet Chestnut (UNI 11035-1/-2:2010) and Blue Gum 

(UNE 56546:2013) for the hardwood counterpart. 

As demonstrated, gathering standards from other countries is a necessary measure in some cases, 

as the grading rules stated above are originated from countries like England, Germany, Italy and Spain 

(along with Portugal). Having said that, regardless of the grading rule chosen, the wood features worth 

assessing are the following: 

 Slope of grain: indicates the angle between the wood fibres (grain) and the longitudinal axis of 

the beam. It is important to measure this feature since it represents the deviation from the 

direction of the imposed stresses and the direction of maximum strength; 

 Knots: representative of the part in a brunch embedded within the trunk and have a conical 

growth staring from the pith and expanding outwards. In these spots, the perpendicular direction 

of the grain, together with the anisotropic characteristic of this material, consists in a reduction 

of the elements’ resistance; 

 Rate of growth: describes the average thickness of the growth rings. Since it’s an indirect 

measure of the density, it influences the mechanical performance of the element. 

These measurements must be taken considering a critical zone, which consists in the area where 

the beams are mostly disturbed by the previous features. In other words, the quality of the element is 

determined where the magnitude of features is greater. This is manly affected by the dispersion of knots 

since the other two remain rather consistent throughout the whole piece. After grading the element, one 

should refer to EN 1912:2013 to identify the corresponding strength grade, in which physical and 

mechanical properties are disclosed in EN 338:2009. 

With the explanation of the visual strength grading method completed, the correct procedure for 

the assessment of timber floors can now be described. In this sense, the assessment of a timber floor 

was divided into two major stages, the first being the inspection and diagnosis of the structure, which 

gathers all the necessary data for the second stage, which is the structural analyses.  

2.1 Inspection and diagnosis of a timber floor 

This stage of the assessment is performed on-site and serves the purpose of analysing the 

parameters that interfere with the structural behaviour of the structure. This stage can even be divided 
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in two parts, depending on the element on study (floor or beam). The use of diagnosis techniques is 

sometimes mandatory for the correct evaluation of some properties, otherwise impossible to obtain. For 

this purpose, only non-destructive methods that ally meaningful results with the least intrusion matter. 

2.1.1 Preliminary Survey 

This first part consists of a global inspection regarding the floor as a unit, characterizing the bare 

bones of the structural system. Modifications to the existing structure provided by the rehabilitation 

project should be noted as well as the category of use the future floor will serve (from NP EN 1991-1-

1:2009). The wood species has to be identified and the environmental conditions determined. This leads 

to the first equipment required which is a thermo-hygrometer, capable of providing the temperature and 

relative humidity of the surrounding air – the average of several measurements throughout the 

inspection campaign will result in more realistic number. All of this must be complemented with a drawn 

sketch demonstrating the dimensions of the floor and the spacing between each beam. 

Lastly, the position of the critical zones must be recognized and pronounced on the sketch. On top 

of the critical zone designated for the visual strength grading, a study of a second critical zone may be 

of interest if the piece demonstrates signs of biological hazard. The location of the second critical zone 

corresponds to the area most targeted by the biotic attack, and will be judged in the following part of the 

inspection campaign. 

2.1.2 Detailed Survey 

The detailed survey focuses on examination of each and every one of the beams that make up for 

the floor. The goal is to make a thorough examination of the critical zones established in the previous 

survey. 

One of them serves the visual strength grading, where the technician should quantify the three 

relevant features of the wood in accordance with EN 1310:1997. Regarding the slope of grain, it is 

expressed by the deviation of the grain divided by the length in which it occurs (SoG=BC/AC), as 

demonstrated through figure 1-a). The rate of growth is also easily obtained since it is represented by 

the average growth ring thickness, measured by the amount of growth rings in a certain length 

(perpendicularly to the growth ring). As previously said´, grading rules replace this parameter with the 

density of the wood, which is impossible to quantify on-site, so a non-destructive technique is required 

to estimate this parameter, like the drilling method (more on this later). As for the appraisal of knots, the 

technician needs to research on the criteria designated for the exact/specific wood species. Despite the 

differences between grading rules, there are only two ways to quantify this feature. Either by the 

superficial diameters or by the hypothetical area occupied by the knots within the cross-section of the 

beam and its margin area, represented by a quarter of the height starting from each edge, figure 1-b). 

These parameters are known as total/margin Knot Area Ratio and a group of knots have to be 

considered when the grain distortion does not recover between consecutive knots. 
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Once visually graded, the timber beams can now be assessed in terms of biological damage. In 

this sense, UNI 11119:2004 suggests three approaches. The first one is to consider the beam with no 

load-bearing capacity when the degradation occurs throughout the whole cross-section. This approach 

is usual in the cases of wood-decaying fungi and subterranean termites attacks, although the latter may 

decay the timber under a layer of sound timber (Cruz et al. 2015), which can complicate the identification. 

The second being the assessment of an effective cross-section, adopted when the attack of wood boring 

insects is localized and the deducted depth from the original cross-section can be tested by the 

penetration of a sharp tool. Lastly, a percentage reduction of the physical and mechanical properties of 

the wood should be considered where the wood boring insects’ damage is roughly spread around the 

cross-section. Although this standard relates this percentage reduction with the proportion to the amount 

of insect galleries, Cruz & Machado (2013) found it inconclusive so, without a better solution, it’s up to 

the technician to estimate this value. 

By this time, two other non-destructive techniques can complement the biological damage 

inspection. The hygrometer can estimate the wood moisture, allowing a better judgement about the type 

of biotic attack. This measurement also helps to foresee the future risk of biotic hazard with the 

establishment of the risk class according to NP EN 335:2013 (Cruz et al. 2015). The drilling method also 

offers great help since it delivers a profile with the resistance of the wood alongside the depth of the 

drill, unveiling unusual variations related to decay. This can confirm the biotic attack depth (for the 

effective cross-section) or even enhance signs of degradation or fissures in interior of the beam. 

A drawn survey of the geometry and dimensions of each beam is essential to complete the detailed 

survey. This should comprehend a sketch of the cross-section, together with a representation of the 

decayed zones, fissures, knots and the direction of the drilling tests for future reference. 

2.2 Structural analyses 

Once the on-site tasks are finished, the assessment of the timber floor can continue towards the 

structural analyses. For this stage, the structural behaviour of the floor is treated like beams with two 

supports because it resembles the closest conservative approach to reality. 

The equations 2.1, 2.2 and 2.3, represent the structural analyses present in the Eurocodes 0, 1 

and 5 (EN 1990:2002; EN 1991-1:2002; EN 1995-1-1:2004). The first two verifies the safety of the 

structure for bending stress (2.1) and shear stress (2.2) – the most important when assessing timber 

floors. Regarding the serviceability limit states, only the deflection (2.3) is studied, since the vibration 

Figure 1: Features of timber: a) Slope of grain; b) Total and margin area occupied by knots. 
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requires a more comprehensive study, although it can be avoided if the rehabilitation technique includes 

wooden struts (elements that laterally connect the beams). When applied correctly, the stiffness of the 

floor escalates and the vibration plummets.  

The following expressions were made possible assuming some properties, accurate for most of 

traditional timber floors, namely: rectangular cross-sections (baseꞳheight, in meters), service class one; 

no wooden struts (lateral connectors between beams); span equal to L in meters.  

 Ultimate Limit States 

Bending (middle span): 

Shear (next to support): 

 Serviceability Limit States:  

Deflection (middle span):  

 

In terms of the actions, the technician should follow Eurocode 1 (NP EN 1991-1-1:2009) which 

separates them into two categories. The self-weight (permanent fixed action represented by pp), as the 

name states, can be determined with the density and nominal dimensions of all the parts that compose 

the floor (for the coatings, the width is considered half the spacing for each side of the beam). The 

imposed load (variable action represented by sc) is linked to the category of use and is labelled in 

Eurocode 1 (for residential floors it’s equal to 2,0kN/m2). 

The remaining parameters correspond to the strength grade of each beam, obtained through EN 

338:2009 - characteristic values for bending and shear strength (fm,k and fv,k) and for mean modulus of 

elasticity (Emean). 

2.3 Case study 

In order to test the entire procedure, a traditional timber floor of an ancient building in the process 

of rehabilitation was adopted as a case study. The building dates from the late 19th century and it’s 

located at Rua do Salitre 134-138, Lisbon. 

An assessment was made to a floor belonging to the 3rd and last floor, with no signs of infiltration 

due to roof leaks. It consists of 17 rectangular beams scattered within a room of 5,85x4,80 m (the last 

representing the span). The methodology described in the present document was put to use so it could 

be possible to decide whether the structure was in need of a rehabilitation. Since this rehabilitation is 

focused on the luxurious market, the limit values for the deformation and vibration criteria were the most 

severe. 

The wood species is believed to be Scots Pine so, as result to the visual strength grading according 

to BS 4978:2007, only three were given the lower quality grade (General Structure corresponding to 

C16) as for the rest, they were visually graded as Special Structure (C24). The conditions assumed for 

the structural analyses were verified in this case of study and therefore, the structural analyses went as 

described. 
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At first sight, the end result wasn’t looking very optimist since only 4 beams surpassed all the limit 

states. With a simple review of results, the vibration revealed to be the most restricted out of all - from 

the 17 beams, 13 didn’t verify this criteria. Nevertheless, after a careful examination it was noticed that 

the actual values were just a bit short compared to the imposed limit. A slight reduction of this parameter 

was tested (still being well above the ones for average structures) and from the 13 previously incapable 

beams, only 4 still proved to be inadequate for preservation. At this time, the bending tension became 

the most restricted limit state, with 5 inadequate beams. 

Another deduction worth mentioning is the importance of the supplementary tests, especially the 

drilling method, since it exposed a beam with a considerable amount of fissures, which led to the 

adoption of a coefficient of 0,67 (suggested by the Eurocode 5) applied to the cross-section width. This 

ended up dictating the beam as inadequate. It also demonstrated that the visible biotic damage was 

only superficial, so the adoption of effective cross-sections was the approach most used. 

As for the rehabilitation, considering valid the proposal of a slight reduction of the vibration criteria, 

the replacement of the 5 beams would probably be the best solution. Otherwise, the implementation of 

a beam in middle span, creating an additional support, would fix all the adversities. 

3 Characterization of timber elements through non-destructive 
methods 

As previously discussed, the visual strength grading can lead to underestimation of the mechanical 

properties of wood. In addition, the inconveniences carried by the use of that method for on-site 

assessment makes it unsuitable for the job. Meanwhile, a second approach to this matter has been 

developed in the search for a better alternative. 

3.1 Correlations 

For this examination, studies from Henriques et al. (2011) were followed, since their campaign and 

the one discussed later are similar and the wood species alike. The essence behind this approach is 

the estimation of physical and mechanical properties using non-destructive techniques, like the drilling 

method, since Lourenço et al. (2007) proved the reliable correlation between the resistographic measure 

(RM – equation 3.1) and the density of wood. To prove their point, Henriques et al. (2011) started by 

estimating the density of samples by correlation with the RM. The Pearson correlation coefficient of 

almost 90%, with the equation 3.2, justifies the theory: 

 

 

 

Where: 

RM – resistographic measure  

∫ Á𝑟𝑒𝑎
ℎ

0
 - integral of the area of the resistographic diagram 

l  - drilling depth [mm] 

ρ – density [Kg/m3] 

𝑅𝑀 =
∫ Á𝑟𝑒𝑎

ℎ

0

𝑙
 

  (3.1) 

𝑅𝑀 = 0,0285𝜌 − 4,7291 ⇔  𝜌 =
𝑅𝑀 + 4,7291

0,0285
   (3.2) 
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As previous mentioned the equation can also be used for the visual grading if the standard requires 

density instead of rate of growth. The second step of Henriques et al. (2011) study was to evaluate the 

possible correlation between RM and the wood strength, in this case the axial compression resistance. 

These investigators ended up with the correlation presented by equation 3.3, when comparing those 

two parameters.  

 

Where: 

fc,0 – axial compression strength [N/mm2]  

As expected, the axial compression strength value is influenced by the timber density (75%), which 

leads to believe that the RM can be, in fact, directly correlated to this strength. In order to test this 

premise, they analysed the relationship between these two parameters, demonstrated by equation 3.4. 

 

 

Although an inferior Pearson factor of 70% was obtained, it is still a significant value since the wood 

being a natural material, is expected to have some variability in its properties. 

This new way of characterizing the timber elements is more suitable for on-site assessments in the 

way that it’s much less time consuming and it evaluates each piece individually, whilst visual strength 

grading allocates these elements in broad grades. It also doesn’t require visual contact in all four faces 

of the beam but, since biotic hazard has to be assessed, this won’t be considered as an advantage. 

It’s important to note that these correlations estimate the average value of timber properties, not 

the characteristic values given by the first approach. Although some studies already correlate with the 

characteristic values, it is not appropriate to use them in assessments of a real structures, since the 

method has to be approved by the means of standards. First and foremost, this method has to be tested 

in laboratory so the real values can be compared with the estimated ones, so the accuracy of the 

correlations can be tested. In this sense, a laboratory campaign was developed, as described 

subsequently. 

3.2 Laboratory campaign 

To judge the correlations obtained by Henriques et al. (2011), similar tests were made. The goal 

was to obtain the real values of density and axial compression and compare to the ones estimated on-

site with the drilling method. There were 30 test pieces, each one consisting of two bars with a cross 

section of 25x25mm and 100mm in length, so that a mean value (and more realistic) could be obtained. 

Although the standard followed was ASTM D 143-94 (2000), the EN 408:2010 was likewise taken in 

consideration, despite the test pieces in the latter being slightly bigger. 

Some relevant conclusions were withdrawn by analysing the data obtained. Natural fluctuations of 

density due to the local variation of the rate of growth in the same wood was observed, reaching a 

maximum of 20% in one test piece. The influence of density in the resistance of timber was once again 

proved, since the correlation represented by equation 3.3 had a negative deviation of only 1,13%. 

𝑓𝑐,0 = 0,0684. 𝜌 + 3,6807 

 

  (3.3) 

𝑅𝑀 = 0,3364. 𝑓𝑐,0  − 2,8454 ⇔  𝑓𝑐,0 =
𝑅𝑀 + 2,8454

0,3364
 

  (3.4) 
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About the other two correlations, relatively to the RM, the deviation proved rather small since the 

average of all test pieces was around 15%. In spite of the increased value compared to last paragraphs, 

the fact that it is a positive deviation means the estimations of density and axial compression strength 

are conservative. In other words, the estimated values for the timber properties were 15% lower than 

the real values, which stands on the safety side due to the underestimation of the properties. A quick 

analogy with the values provided through the visual strength grading demonstrated that the 

characteristic values of density were again 30% lower than the real values, as for the axial compression 

strength, this number increased to 50%. 

Lastly, the influence of deterioration was proved to be rather significant since two test pieces, one 

attacked by wood boring insects and the other affected by a nail hole demonstrated strength values 

around 30% lower than the sound counterparts. This is something to take in consideration when applying 

this method on-site since the RM won’t take into account possible degradation but the strength will be 

depreciated. 

4 Conclusion and further research 

Even though the visual strength grading technique isn’t optimised for the assessment of ancient 

timber buildings, it is currently the most appropriate way to characterise timber elements. With the 

information here described, summarising the procedure to carry out on-site, it expected that more 

structures will be assessed in the future and hopefully support the decision about the preservation of 

the structure, which would otherwise be demolished. The ultimate goal is to change society’s perspective 

that ancient timber structures with minor biotic damage cannot accommodate today’s safety and comfort 

standards. 

In regard with the correlations using non-destructive techniques, it was demonstrated that it’s still 

not ready to replace the traditional visual strength grading for the on-site characterization of timber 

element. However, the results gathered were promising and with the continuously increased number of 

specimens tested leading to improved correlations, this method is proving to be in the right path. As for 

now, the only real use of this method is to complement on the visual evaluation of the timber 

conservation state and the estimation of density, if required by the visual grading rules.  

As for the future, other correlations with different properties of the timber, like bending strength, 

should also be considered. These will prove if the drilling technique is successful for a full 

characterization of timber, or if only few properties, like the ones tested here, can be estimated with it. 
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