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Abstract 
This paper presents the initial laboratory work developed with the aim of consolidating timber that has been 
subjected to the action of rot fungi, by impregnation with polymeric products. This technique has been largely 
used in restoration of works of art but not so much in civil engineering. 

Indeed, structural wooden elements in buildings are often subjected to degradation by rot fungi due to the 
accidental presence of water from various causes such as deficiencies in plumbing, broken tiles, clogging of 
guttering or degradation of exterior masonry. In these situations the question arises about which repair action to 
take: replace the whole element? Replace only the damaged part by inserting prosthesis? Maintain the damaged 
element, strengthening or consolidating it? The option of maintaining in the building the original (even though 
deteriorated) timber has been gaining more and more importance, because the loss of the element contributes to 
the loss of its historical identity. Consolidation by impregnation falls within this context, thus justifying deeper 
studies. 

The laboratorial work, developed using degraded maritime pine (Pinus pinaster) specimens, is presented. The 
test-specimens were prepared in the laboratory, to reach different decay levels by varying the exposure time to 
brown-rot fungi (Coniophora puteana). Three commercial low-viscosity products, specific for the impregnation 
of timber deteriorated by rot fungi, were tested: two epoxy-based and one acrylic. The efficiency of these 
products was assessed through compression tests parallel to the grain and hardness tests, involving both 
impregnated and non impregnated wood. Their influence, when applied to degraded timber, on its water 
absorption behavior was also tested. 

 

1. INTRODUCTION 
The process of consolidating degraded timber by impregnation consists on forcing a specific fluid 
material to penetrate it, which when hardened will give it back integrity and promote an improvement 
of the physical and mechanical characteristics [1, 2, 3]. The efficiency of the impregnation results 
from the depth achieved, the nature of the product employed and its permanence on the cells and 
cellular walls of the material [4]. In the past, it was common practice to replace degraded timber in 
buildings with elements of the same or other material, but in the future the option of maintaining the 
original timber, even if deteriorated, will gain importance. As a matter of fact extensive replacement of 
elements not only is expensive but it is often also unnecessary, it changes the aspect of the structure, it 
disrupts the normal use of the building and it results in a loss of historical identity [5, 6]. Consolidation 
of timber through impregnation of polymeric products is a technique already widely applied in the 
conservation and restoration of works of art but not so in civil engineering. Notwithstanding the large 
number of application in practical cases, quantitative data on the effect of strengthening by 
consolidants are still very much unavailable [5]. 
In what concerns the conservation and restoration areas, before the development of synthetic materials 
a great number of other materials, such as animal glues and natural resins, were already used as 
consolidants, each one of them with their own drawbacks [1, 7]. Thermo-hardening synthetic resins, 
such as epoxy and methyl methacrylate, were first used as consolidants for deteriorated timber in 
middle of the XX century [2], with the limitation of its irreversibility, among others [1, 2]. The 
researchers’ interest then turned to thermoplastic polymers whose application was reversible, easily 
penetrated the micro-porosity of the timber and enhanced the strength the degraded timber [1]. 
Among the thermoplastic products polyvinyl butyral (Butvar®) and acrylic resin (Acryloid® or 



Paraloid®) were the ones that presented the better results in terms of enhancement of mechanical 
strength [1, 8]. In what concerns the buildings rehabilitation area products epoxy-based have been in 
the last decade largely used as glues for structural strengthening of degraded timber [6, 9], but very 
little as consolidants by impregnation. 
This paper presents the first part of a study whose aim is the application of some materials and 
techniques from conservation and restoration in the rehabilitation of buildings. 

 

2. DEVELOPMENT OF THE LABORATORY WORK  

2.1. Sequence of actions 
The laboratory work developed has consisted initially in the preparation of specimens, in two stages: 
first cutting and selection; second their laboratory degradation. Next they were consolidated in order to 
perform the mechanical and moisture absorption tests. Figure 1 shows a scheme of the actions 
sequence that is described in detail in §2.2. 
 

 
Figure 1 - Schematic representation of the development of the laboratory work 

 

2.2. Materials and methods 
2.2.1. Wood samples 
15 x 25 x 50 mm specimens cut from dry timber of maritime pine (Pinus pinaster Ait.) from various 
trees were grouped in series of 10 similar specimens, each representative of the sample as a whole. 
The selection of specimens for testing complied with the following physical demands: exclusively 



sapwood, free from defects, maximum dimensional deviation of 0.5 mm in any of the faces, annual 
growth rings between 2.5 and 8 per 10 mm, proportion of late wood in the annual rings not exceeding 
30% of the whole (EN113), and mean density and tolerance of the specimens 605± 20 kg/m3. 
The samples were then exposed to cubic rot fungi Coniophora puteana (Schumach.) P. Karst, for 
periods of 4, 8 and 12 weeks. Various levels of degradation of the specimens were thus obtained, 
translated into mass loss determined as a percentage of the ratio between the lost mass and the initial 
mass of the non-degraded sample. Before and after the degradation process, the specimens were 
conditioned in an environment with 20 ± 2 ºC and 65 ± 5% RH, and weighing was performed only 
after mass stabilization. Mass loss levels between 3% and 23% were obtained for the whole sample, 
values that are considered representative of the degradation level of timber in buildings in a situation 
where it can be recuperated. 
 
2.2.2. Consolidant products 
To select the consolidants the following characteristics were taken into account: penetration capacity 
of the timber, mechanical strength, durability, short-term reversibility, ease of application, low 
toxicity, good aesthetical aspect, low price, and facility of acquisition [8]. Three commercial 
consolidants were tested (Lw, E and PB72). 
The two first consolidants are thermo-hardening epoxy-based products. Product Lw’s composition is 
not referred. Product E has a resin from diglycidyl ether of bisphenol A (DGEBA) and a hardener 
made of aliphatic and cycloaliphatic amines. The period in which each of these products remains 
workable after mixing, its pot life, is relatively low: at 22 ºC, 40 min for E and 2 h for Lw. 
A thermoplastic acrylic-related product was also included, Paraloid B72®, currently used in 
conservation and restoration of works of art. It is made available as solid granulate and needs to de 
dissolved in order to obtain a liquid solution. Since the penetration capacity of the resin strongly 
depends on the solvent as well as its proportion in the composition [7, 1], several preliminary selection 
tests were performed. Acetone as chosen as solvent at a ratio in mass of 80/20 (acetone/PB72). A pot 
life at 22 ºC of 50 min was obtained. These products were impregnated in the referred wood 
specimens and applied by it self in consolidant specimens (figure 2). 
 

2.2.3. Consolidation test 
The specimens were stabilized in a conditioned room and they had a water content of 12,9%, n=6, at 
the treatment date. Consolidation was performed by immersion of the blocks in the different 
consolidants for 15 min, considered long enough in a previous work on various consolidants where 
different immersion times were tested [5] (figure 2). 
 

 a.  b. 

Figure 2 -  a. Wood specimens consolidated; b. Consolidant specimens.  
 
2.2.4. Mechanical tests 
Consolidated specimens were tested after stabilization of the mass in a conditioned room. The axial 
compression test was performed in accordance with NP618:1973 [10]. The static hardness test 
followed ISO 3350:1975 [11], consisting on driving in a semi-sphere with a radius of 5.64 mm at 



constant speed and registering the strength in Newton at which rupture occurs or at the one needed to 
totally drive in the sphere. For each type of mechanical test and consolidant, a series of 10 degraded 
specimens and 3 non-degraded specimens were tested. Furthermore a similar set of non consolidated 
control specimens was submitted to each of the mechanical tests. 
 

2.2.5. Moisture absorption test 
In order to understand the performance under high environmental moisture conditions the following 
sets of 3 specimens were subjected to a controlled environment with 20ºC and 85% air relative 
humidity (RH): degraded timber consolidated with the 3 products (Lw, E and PB), sound timber 
consolidated with the same products, degraded timber non-consolidated (Control), sound timber non-
consolidated (Control), and consolidant specimens (Lw and E). They remained in a conditioning 
chamber until mass stabilization, which took around 4 months, during which the masses were 
measured on a weekly basis. 
 

3. RESULTS AND DISCUSSION 
3.1. Mechanical tests 
Each specimen provided a pair of values for each type of mechanical test. Graphs were prepared for 
each consolidant and regression lines were obtained (Figures 2 and 3). 
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Figure 3 - Compressive strength versus mass loss. 
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Figure 4 - Resistance to indentation versus mass loss. 



 
The numerical translation of the diagrams in Figures 2 and 3 is presented in Table 1 as the percentiles 
of strength increment promoted by each consolidant, determined according to equation (1), whose 
ordinates “y”  are obtained from the respective exponential regression lines presented in Table 2. 
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where: I i,x - increment x promoted by consolidant i; 

yi,x - ordinate x of the regression line of consolidant i; 
yc,x - ordinate x of the control regression line. 

 

Table 1: Mechanical strength increments of the consolidated sets in relation to the control set, for various levels 
of mass loss, according to equation (1). 

E Lw PB Mass loss 
(%) Compressive strength increment (%) 

0 10.9 5.1 8.4 

5 17.2 10.7 12.7 

10 23.9 16.7 17.2 

15 31.0 23.0 21.8 

20 38.5 29.6 26.6 

 Resistance to indentation increment (%) 

0 15.2 9.4 11.5 

5 29.2 12.5 14.6 

10 45.0 15.7 17.8 

15 62.8 18.9 21.0 

20 82.7 22.3 24.4 
 

Table 2: Exponential regression lines for the two mechanical tests 

Control E Lw PB 

Compressive strength test 

Yc= 41.958e-4.5286x YE = 46.511e-3.416x YLw = 44.091e-3.4805x YPB = 45.496e-3.7547x 

Resistance to indentation test 

Yc= 3957.7e-7.2741x YE = 4557.4e-4.966x YLw = 4330e-6.7181x YPB = 4413e-6.7273x 

 
The analysis of Figures 2 and 3 and Table 1 indicate that all consolidation products tested have 
strengthening effects, increasing whose increments with the level of decay. The performance of all 
consolidants is similar in both mechanical tests. 
The low dispersion of the mechanical results, as translated by the R2 values very close to one, provides 
a high degree of confidence in the results obtained. 
The epoxy-based consolidants studied, E and Lw, show compressive strength increments when used in 
degraded timber of 38.5% and 29.6%, respectively, for a 20% loss of mass, while acrylic-related 
consolidant PB72 enhances the same property in 26.6% under the same circumstances. 
In terms of surface hardness, the two epoxy-based polymers provide an increase of 82.7% (E) and 
22.3% (Lw), while the acrylic-related one leads to a value of 24.4%, in every case for 20% mass loss. 
The efficiency of the first consolidant is remarkable while consolidants Lw and PB72 show similar 
levels of efficiency. 
 
 



 

3.2. Moisture absorption test 
The moisture absorption behaviour, as measured by the ratio between the mass at a given data and the 
initial mass, is presented in graphs in Figure 5 and 6 where each line represents the average value for 
each set of 3 specimens. 
All samples had a similar pattern of moisture absorption and reach stable values within similar periods 
of time. At the end of a 17 weeks stabilization period, the 4 groups of not degraded consolidated 
timber showed levels of moisture absorption increment varying from 7.21% to 8.51%. The 4 groups of 
degraded consolidated timber had increment levels between 5.23% and 6.55%.  
As expected, a clear distinction was found between the moisture absorption capacity of the timber and 
consolidant specimens, the latter absorbing less water and stabilizing faster: 3.2% maximum increment 
for Lw and 1.1% for E, much lower than Lw (figure 6). 
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Figure 5 - Moisture absorption increment versus time: a. Not degraded consolidated wood specimens; b. 
Degraded consolidated wood specimens  
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Figure 6 - Moisture absorption increment versus time in consolidant specimens 

 

 

4. CONCLUSIONS 
The increments in mechanical strength due to the impregnation of consolidant in degraded timber have 
shown reasonable values, thus justifying the need to proceed into further detail in the present study. 
In particular, product E, made of a resin from diglycidyl ether of bisphenol A (DGEBA) and a 
hardener made of aliphatic and cycloaliphatic amines, provides the impregnated timber with a good 
consolidation capacity, shown in the significant increase of the mechanical characteristics 



(compressive strength and surface hardness). On the other hand, it allows the timber’s natural level of 
moisture absorption to be slightly decreased without making it watertight. 
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