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Abstract

:

Given the importance of wood as a building material for hundreds of years, it is often necessary to increase the resilience of existing wood elements. Due to their notable adaptability and high mechanical capacities, materials composed of polymers that have been reinforced with fibers represent a good alternative to traditional reinforcement systems. This study looks at the compressive behavior of prismatic wild pinewood test pieces confined with three types of fabric—one of carbon fiber reinforced polymer (CFRP) and two of basalt fiber reinforced polymer (BFRP) featuring two very different grammages. The reinforced pieces attain at least 96% greater resistance than the unreinforced pieces (FC300), reaching as much as 133% more resistance in the case of the pieces reinforced with FB600; however, the ductility of the reinforced pieces is much lower than that of the unreinforced, by approximately one-sixth and one-quarter, respectively. The study also allowed us to conclude that there is no relationship between the mechanical capacity of the reinforcement and the ultimate strength of the test piece tested, but there is a strong relationship between the rigidity of the reinforcement and modulus of elasticity and the ultimate strain of the reinforced pieces.
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1. Introduction


Wood has been the main construction material used by mankind for hundreds of years. In Europe, it was used on a massive scale until the appearance of steel and concrete at the beginning of the 20th century. It is currently used as a structural element in a large number of building projects [1].



Its internal structure consists of longitudinal cellulose fibers and a lignin and hemicellulose matrix that surrounds them, transfers the strain between them, keeps them bonded, and protects them. It is, as such, an anisotropic material, with different mechanical properties depending on the three main directions—longitudinal, radial, and tangential. Furthermore, it displays very different mechanical behavior when subjected to tensile and compressive stresses [2] depending on the direction that is contemplated. It exhibits an excellent weight–strength ratio and offers good compressive and tensile strength parallel to the fiber [3], which often represents an advantage compared to other materials such as concrete [4].



Compressive behavior can be approximately mapped by means of an initial linear phase that is followed by non-linear behavior before the maximum load is reached and subsequently a plastification area prior to breakage [5,6].



Wooden structures are subjected to damage due to earthquakes and environmental factors such as humidity, temperature changes, and biological attacks [7,8]. On other occasions, it is necessary to increase their load capacity due to changes in the use of buildings with severe overburdening, or structural interventions that are required in order to adapt old buildings to new uses [9]. When it is necessary to reinforce wooden structures for one of the aforementioned reasons, the usual approach has been to replace the existing elements or reinforce them with metallic or concrete elements [10]. However, this way of proceeding is used less often due to the existence of an international trend amongst governmental administrations focusing on heritage conservation, which gives priority to reinforcing these structures using interventions that are as non-aggressive as possible for the original structure [11].



In the case of wooden elements subjected to compression, the traditional technique of adding metal profiles parallel to the wooden pillar by way of casing represents a significant volumetric increase to the final solution and a large increase in the rigidity of the reinforced element, which is not always compatible with the rigidity of the rest of the elements in the structure. On these occasions, in terms of reinforcement material, the use of fabrics composed of high-performance fibers attached to the exterior using epoxy resins (FRP), thus confining the original element, becomes of particular interest [12,13,14].



The use of FRP as a structural renovation technique has become widespread in recent years both at an experimental level and in practical applications [15]. Its use began at the end of the Second World War in applications such as aeronautics [16] and at the end of the 1980s, its use reached the construction and infrastructures sector [17]. The main advantages that justify the prevalence of this kind of system include their durability, extremely high strength–weight ratio, low maintenance costs, and the ease and speed with which the work can be implemented, barely interfering with the structure’s operation [18,19].



Carbon fibers (CFRP) are often used, although in recent decades the use of basalt fibers (BFRP) is increasing due to their high mechanical strength together with their lower cost and better environmental performance compared to carbon fiber [20,21,22].



The use of FRPs enables significant increases in strength to be achieved, without substantially increasing rigidity in relation to the rigidity of the original element. Their use has increased exponentially due to their characteristics and a greater knowledge of their performance, acquired through the large number of publications that have been written in the fields of engineering and architecture and during the development of related regulations [18,19,23,24,25,26,27].



They have basically been used to reinforce elements subjected to flexural loading in which additional mechanical capacity is required in the area in tension. In these cases, the high tensile strength of FRPs in relation to their low weight makes them a highly advantageous material. In the case of wooden elements, numerous research projects have been carried out relating to the behavior of wooden beams reinforced with FRPs, producing highly encouraging results with regard to the increased strength obtained [28,29,30,31,32,33,34,35,36,37].



Their use in reinforcing elements subjected to compression is basically through the confinement of the compressed elements, inhibiting the transversal deformation of these elements and resulting in a subsequent increase in their compressive strength. Extensive research exists concerning the confinement of concrete pillars [38,39], studying the performance of concretes confined with carbon, glass, and aramid fibers subjected to the central application of compressive force [40,41,42,43,44,45,46] or eccentric loads [47,48]. The performance of confined high-strength concretes has also been evaluated [49,50,51,52,53,54], as has that of concretes subjected to cyclic loading [55,56,57,58,59,60] and of confined concrete elements with significant defects in their implementation [61].



However, in the case of wooden pillars, fewer studies have been carried out than those concerning concrete. It is possible to reinforce wooden elements subjected to compression by inserting FRPs parallel to the wooden pillar. In these cases, the FRP works under compression, achieving increases in strength of up to 100% [62]. There are few projects documented in the literature concerning the behavior of wooden elements confined with FRPs. The confinement of elements with a square section of pinewood using FRPs has succeeded in increasing their strength by values of between 14.7% and 50%, depending on the volumetric amount of the confinement [63]. Similar values have been obtained for circular elements of poplar wood confined with CFRP [64]. Research into wooden elements with a very low bearing capacity due to aging has proven that their strength can be significantly increased when they are confined with FRPs and that this increase in strength is only 15–35% lower than that which would be obtained in unaged elements [65]. The effectiveness of this procedure has also been proven in another type of material, i.e., “hollow sandwich columns with GFRP skins and a paulownia wood core” [66].



This paper studies the compressive behavior of prismatic pieces of wild pinewood confined with carbon fiber and basalt fiber fabrics. The results are compared with those obtained using benchmark pieces, which remain unreinforced.




2. Experimental Procedure


A total of 24 pieces of wood have been compression tested to breaking point. Of those pieces, 18 were reinforced through confinement using three kinds of FRP fabric attached to the exterior using epoxy resins. Carbon fiber fabric and two basalt fiber fabrics featuring the same mechanical characteristics but with very different grammage were used. Six pieces were tested without reinforcement in order to serve as a benchmark. To able to identify the pieces of wood, a PABβγδ type code was used, where P remains constant in all of the test pieces; AB indicates the reinforcement status and type, WR is used for test pieces without reinforcement, FB is used for test pieces reinforced with basalt fiber, and FC is used for test pieces reinforced with carbon fiber; and βγδ is, in the reinforced test pieces, the grammage of the fabric in g/m2.



In order to carry out the tests, wild pinewood was used from Valsaín, in the Sierra de Guadarrama region (Spain). This type of wood was used in many of the pillars in existing buildings in Spain constructed up to the beginning of the 20th century.



Before reinforcing and testing the wooden elements, a visual classification was performed in line with regulation UNE 56544 [67] so as to have prior knowledge of the individual characteristics of each of the pieces and check that the sample composed of the 24 pieces was homogeneous. In order to carry out this classification, and as specified in the regulation, the following characteristics were observed and measured: density, size of the knots and the cracks, and angle of inclination of the fibers. All of the pieces feature knots on one of their faces, and they have thick cracks and contain the pith. None of the pieces feature ring shakes, resin ducts, ingrown bark, gems, or biological changes of any kind.



Three types of fabric were used to reinforce the pieces—two composed of basalt fiber and the third composed of carbon fiber. The grammage of the carbon fiber fabric is 300 gr/m2, while the basalt fiber fabrics have two different grammages, 280 gr/m2 and 600 gr/m2. All of the fabrics are unidirectional with the fibers pointing in a longitudinal direction.



In order to join the fabrics to the pieces of wood, epoxy resin was used, having previously applied a primer so as to improve the adhesion between the reinforcement and the surface of the wood. Table 1 shows the geometrical and mechanical characteristics of the different fabrics used, where G is the grammage, t is the thickness, σf is the ultimate tensile strength of the fibers, Ef their modulus of elasticity, Ff the breaking strength that the fabric is capable of reaching per unit of length, and Kf the rigidity of the fabric per unit of length.



Overall, 24 wooden pieces with a cross section measuring 158 mm × 158 mm and a height of 300 mm were tested to compression until breaking point. Prior to being tested, the pieces were kept in laboratory conditions (a temperature of 21 °C and relative humidity of 55%) until a constant weight was obtained in the test pieces, with the pieces reaching an average humidity content of 19% at that point.



Tests were performed on six unreinforced pieces (PWR), six pieces reinforced with 600 g/m2 basalt fiber (PFB600), six pieces reinforced with 280 g/m2 basalt fiber (PFB280), and six pieces reinforced with carbon fiber (PFC300).



Prior to implementing the reinforcement, the pieces were cleaned, leaving the bonding surface free of dust and irregularities. Then, a layer of primer was applied to the surface of the wood in order to improve the adhesion between the wood and the epoxy resin. Once the primer was dry, an initial layer of epoxy resin was applied, the basalt or carbon fiber fabric was subsequently attached as appropriate, and finally, another layer of resin was applied so as to protect the fibers of the fabric. The fabric was positioned as a bandage, wrapped around the pieces, using strips of fabric that were 25 cm wide, leaving a 2.5 cm space at the upper edge and another 2.5 cm at the lower edge, to prevent the reinforcement from being loaded in the direction parallel to the applied force. A 15-cm overlap was used to avoid breakage of the piece due to delamination of the overlap.



The process of reinforcing the pieces can be seen in Figure 1.



The tests were performed at the Universidad Politécnica de Madrid (UPM) using a universal press (Ibertest, IBM4-1500, Madrid, Spain), and recording the load and displacement data up until breakage. The tests were carried out using a displacement control speed of 1 mm/min. The displacements were recorded using a linear variable differential transducer (LVDT). Figure 2 shows an image from the testing of one of the unreinforced pieces of wood.




3. Results and Discussion


3.1. Visual Classification and Density


The results of the visual classification show that only two pieces were classified as a Reject, due in both cases to the presence of drying cracks that were larger than those permitted by the regulation. The remaining pieces, which were visually accepted, achieved the MEG quality level according to UNE 56.544 [67], which refers to strength class C22 according to regulation EN 1912 [68], the values for which were set out in EN 338 [69]. The average densities of each group of specimens, depending on the type of reinforcement applied, are very similar (Table 2). The information above allows us to conclude that it is a homogeneous sample.



The average density of all of the pieces obtained experimentally with an average humidity content of 19% is 532.36 kg/m3, above the minimum value indicated by regulation EN 338 [69], which establishes a minimum density of 410.00 kg/m3 in order to consider a piece of wood as belonging to strength class C22.




3.2. Compression Tests


Table 2 shows the average values, depending on the type of reinforcement, for the results obtained in compression testing up to breaking point for all of the pieces tested along with their density (ρ). The table sets out the breaking strain (σmax), the average strain for this strength value (εmax), the longitudinal modulus of elasticity obtained in the range of between 0.15 times and 0.35 times the maximum test load (E), and the ultimate strain obtained in the test (εu). The ductility of the pieces was calculated, taking into consideration the strain and the strain energy density reached in the tests. The ratio between the ultimate strain and the strain under maximum load is a measurement of ductility, which appears as Dε in the table. The ratio between the total area enclosed by the strength–strain graph (Au) and the area enclosed by the graph up until the value of the maximum strength (Ae) is an indicator of the ductility in terms of strain energy density (DA).



Figure 3 shows all of the strength–strain graphs obtained in the tests.



The results obtained in the compression tests (Table 2 and Figure 3) show that all of the reinforced pieces share very similar behavior. Furthermore, there are highly significant differences between the reinforced and unreinforced pieces, both in terms of the shape of the graphs and the values attained.



3.2.1. Unreinforced Pieces


Figure 4a shows an idealized strength–strain graph of sawn wood elements subjected to compression testing [70,71,72]. In this graph, four phases can be clearly differentiated between the start of testing and breakage. Phase (1) is associated with an elastic and linear phase in which the modulus of elasticity of all of the pieces is very similar. Phase (2) is associated with a non-linear phase triggered by the formation of an incipient cutting plane of the fiber until the maximum test strength is reached (σmax). In phase (3), the cutting plane of the fibers experiences a significant rapid drop in strength levels. In phase (4), the development of the cutting plane is now stable and the strength levels remain at the same value until breakage occurs.



Figure 4b shows the strength–strain graphs for the unreinforced pieces of wood subjected to compression testing. It can be concluded that all of the pieces tested demonstrate very similar behavior and perfectly reflect the idealized graph of Figure 4a. The two specimens classified as Rejects in the visual classification, due to drying cracks, show no significant variation compared to those classified as C-22, which indicates that the drying cracks do not represent a defect that determines the behavior of the wood on compression [73].



Usually, the term ductility refers to the ability of a material to undergo plastic deformation before breaking. For all materials in general, and for wood in particular, there is no single definition for this term [74,75]. However, all of the technical and scientific literature is in agreement with regard to the beneficial effects of ductility on structures. Basically, all of the definitions of ductility can be grouped as one of two types—those based on the strains achieved up to breaking point and those based on strain energy densities [76]. Both of these types of ductility measurements have been used in this study, using for this purpose the values associated with breakage and the maximum load. Almost identical results were obtained for both procedures, very close to 12, which indicates the extraordinary ductility of these pieces when they are subjected to compression testing.




3.2.2. Reinforced Pieces


The strength–strain graphs for the reinforced pieces (Figure 3) show a very similar type of behavior for the three reinforcement types used—following an initial linear phase, the graph loses its linearity and reaches the maximum load after which the strength reduces in value until a strain is reached that provokes the breakage. However, there are significant variations in the value of the mechanical properties inferred in the graphs (Table 2). The value of the maximum strength reached is very similar with both basalt reinforcements and significantly higher, by between 18% and 20%, than the maximum strength of the test pieces reinforced with carbon fiber. The strain reached for the maximum strength value is also very similar in both basalt fabrics and lower, by between 25% and 29%, than that reached with carbon fiber reinforcements. The modulus of elasticity of the test pieces reinforced with carbon fiber is higher by between 8% and 15% than that for the test pieces reinforced with basalt fibers. For the ultimate strain values, it can be concluded that higher values are achieved in the test pieces featuring basalt fibers, by between 9% and 28%, than those containing carbon fibers.



Figure 5 shows a representation of the maximum strengths reached with the three types of reinforcement (Table 2) compared to the maximum force per unit of length that each type of reinforcement can offer (Table 1).



It can be concluded that even though fabrics FC300 and FB600 have practically the same mechanical capacity, they result in very different breaking strengths in the reinforced elements. Consequently, it may be said that there is no relationship between the mechanical capacity of the reinforcement and the ultimate strength of the test piece tested. This conclusion is also reached when wooden elements undergoing an accelerated aging process are reinforced with fiberglass fabrics [65].



Reinforcement results in the lateral confinement of the wood fibers, preventing their displacement in a transverse direction. When a slip plane occurs in the wood, as in Figure 4a, the fabric comes apart, causing the piece to collapse. As such, the ultimate load of the piece is influenced more by local defects, such as knots in the wood, which cause it to break, than by the mechanical capacity of the reinforcement fabric. Figure 6 shows the breakage of the pieces of wood reinforced with each type of fabric and the slip plane created in the wood.



Figure 7 and Figure 8 show that there is a strong relationship between the rigidity of the reinforcement and the modulus of elasticity and the ultimate strain of the reinforced test piece.



The more rigid the reinforcement, the less transversal strain the section of the test piece will allow; this also translates into fewer longitudinal deformations and an increased modulus of elasticity. A virtually linear relationship was obtained (Figure 7) between the modulus of elasticity of the test piece and the rigidity of the reinforcement (R2 = 0.986).



The greater ultimate strains obtained with the FB280 reinforcements mean that, when ductility is measured as a function of the strains, the ductility obtained with this kind of reinforcement is somewhat higher than that for the other types.



Greater reinforcement rigidity means that when the test piece reaches the maximum test load due to fiber slippage, the greater rigidity of the rest of the test piece that has not broken prevents the deformation of the whole. As such, the deformation is concentrated in the area of the breakage with the resulting decrease in the value of the ultimate strain of the test piece. A good linear relationship was obtained (Figure 8) between the ultimate strain and the reinforcement rigidity (R2 = 0.868).



When ductility is measured as a function of the ultimate strain, the higher ultimate strain values obtained with the FB280 reinforcement mean that the ductility of the pieces reinforced with this kind of fabric is somewhat higher than the others (Table 2). When ductility is measured in terms of strain energy, more variables are involved and the results attained by the three kinds of reinforcement are very similar.



Figure 9 shows the relationship between the ductility measured using both types of procedures for the three reinforcement types.



On analysis of Figure 9, it appears that there is not a good relationship between the ductilities measured using the two procedures mentioned above. While it is true that the ductility of the FB280 reinforcement is always greater than that of the FB600 reinforcement, and the ductility of the latter is greater than that of the FC300 reinforcement, in the case of the ductilities measured in terms of strain energy, the differences are considerable between the three types of reinforcement. However, in the case of the ductility measured in terms of strain energy density, the values obtained for FC300 and FB600 are very similar and are far from those reached by FB280. As such, it may be said that it is not equivalent to measure the ductility of this kind of reinforcements using both procedures and a choice should be made to use the most appropriate procedure depending on the analysis that is to be carried out.




3.2.3. Comparison between Reinforced and Unreinforced Pieces


Based on the analysis of Figure 3, it is possible to deduce the different behavior of reinforced and unreinforced pieces. The shape of the strength–strain graphs is dramatically different. In reinforced pieces, the four phases of strength–strain behavior that we see in unreinforced pieces do not occur (Figure 4). Once the maximum test load is reached, a decrease in the strength values occurs until breakage, which takes place with ultimate strain values that are much lower than for unreinforced pieces.



FRP reinforcement results in the lateral confinement of the wood fibers, preventing their transversal displacement. At the moment when the reinforcement fabric breaks, due to being fragile when placed under stress, the piece may experience lateral deformation, such that the resilience of the lignin and hemicellulose in the wood is exceeded, resulting in the rapid and explosive breakage of the piece of wood due to the separation of the fibers. This behavior explains why, once the maximum test load has been reached, the subsequent phase of the strength–strain graph is shorter, breakage occurring more suddenly and dramatically.



There is a significant increase in the load capacity of the reinforced pieces compared to the unreinforced pieces. The reinforced pieces attain at least 96% greater resistance than the unreinforced pieces (FC300), reaching as much as 133% more resistance in the case of the pieces reinforced with FB600. The application of the reinforcement also resulted in an increased modulus of elasticity in the pieces and an increase in the strain occurring at the point of maximum strength (Table 2). However, the confinement of the pieces caused a highly significant decrease in the ultimate strain values, which also meant that the ductility of the reinforced pieces was much lower than that of the unreinforced pieces, by approximately a quarter or a sixth.






4. Conclusions


A total of 24 prismatic wild pinewood pieces were tested to compression until breaking point. Of those, 18 pieces were confined with three different FRP fabrics, while the rest were tested non-confined, as a benchmark. The following conclusions may be drawn from the results obtained:




	
The appearance of the strength–strain graph for all of the reinforced pieces is very similar, despite the huge difference between the three types of reinforcement;



	
There are highly significant differences between the reinforced and unreinforced pieces, both in terms of the shape of the graphs and the values attained;



	
All of the reinforced pieces exhibit a significant decrease in breaking strain, compared to the unreinforced pieces. Although the modulus of elasticity and the maximum strengths increases, the density of deformation energy of the reinforced pieces decreases;



	
There is no relationship between the mechanical capacity of the reinforcement and the ultimate strength of the test piece tested;



	
There is a strong relationship between the rigidity of the reinforcement and modulus of elasticity and the ultimate strain of the reinforced test piece. The greater the rigidity of the reinforcement, the greater the modulus of elasticity and the lower the ultimate strain;



	
There is not a strong relationship between the ductilities measured using terms of deformation and strain energy density;



	
As a final conclusion, it can be indicated that the three types of reinforcement have very similar strength–strain diagrams in the pieces tested, with important increases in maximum strength and a very significant decrease in ultimate strain. This means that in projects of wooden structures reinforced by these procedures, it is necessary to take into account the decrease in ductility that occurs in the reinforced elements.
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Figure 1. Process of reinforcing wooden pieces with carbon and basalt fibers. 
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Figure 2. Image of the compression testing of an unreinforced piece of wood. 
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Figure 3. Strength–strain graphs for all of the pieces subjected to compression testing. 
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Figure 4. Strength–strain graphs for pieces of wood subjected to compression testing. (a) Idealized graph, (b) Real graphs. 
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Figure 5. Relationship between the maximum strengths reached and the mechanical capacity of the reinforcements. 
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Figure 6. Breakage of reinforced pieces. (a) FC300, (b) FB280, and (c) FB600. 
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Figure 7. Relationship between the modulus of elasticity of the reinforced test pieces and the rigidity of the reinforcements. 
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Figure 8. Relationship between the ultimate strain of the reinforced test pieces and the rigidity of the reinforcements. 
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Figure 9. Relationship between the ductility measured by strain and by strain energy density for the three reinforcement types. 
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Table 1. Geometrical and mechanical characteristics of the fabrics used.






Table 1. Geometrical and mechanical characteristics of the fabrics used.














	
	G (g/m2)
	t (mm)
	σf (N/mm2)
	Ef (GPa)
	Ff (N/mm)
	Kf (N/mm)





	FC300
	300
	0.167
	4900
	230
	818
	38,410



	FB280
	280
	0.103
	4000
	84
	412
	8652



	FB600
	600
	0.222
	4000
	84
	888
	18,648
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Table 2. Average density and results obtained in compression tests up to breaking point.
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σmax *

(N/mm2)

	
E (N/mm2)

	
εmax *

(‰)

	
εu *

(‰)






	
WR

	
23.70/1.52

	
5532

	
5.84/0.34

	
67.25/2.78




	
FC300

	
46.14/3.89

	
7934

	
11.11/0.72

	
19.74/3.95




	
FB280

	
54.64/4.00

	
6912

	
8.88/0.78

	
25.30/4.95




	
FB600

	
55.16/4.49

	
7362

	
8.61/0.15

	
21.62/3.37




	

	
Ae

(N/mm2)

	
Au

(N/mm2)

	
Dε

	
DA

	
ρ

(kg/m3)




	
WR

	
92.04

	
1115.60

	
11.51

	
12.12

	
554.31




	
FC300

	
307.32

	
599.83

	
1.78

	
1.95

	
527.68




	
FB280

	
276.35

	
612.59

	
2.85

	
2.22

	
513.19




	
FB600

	
310.57

	
611.90

	
2.51

	
1.97

	
534.27








* Average value/Standard deviation.
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