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ABSTRACT

The objective of the study was to evaluate, through visual classification and non-destructive tests, the
state of conservation of 32 wooden beams for reuse as a restoration project for a historic building. For
this, measurements of the moisture content, penetrometer, estimation of the modulus of elasticity and
breaking stress by ultrasonic pulse velocity were made. The results showed that 66% of the beams were
affected by rot, defibration and cracking. The tests carried out on the deteriorated beams made it possible
to determine that, for a reliability of 95%, of the remaining 21 beams it was possible to reuse 17 of them
with an average density of 0.4 g/cm’.
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Evaluacion no destructiva de las vigas de madera del edificio Narciso Lopez
del Centro Historico de La Habana para reuso en su restauracion

RESUMEN

El estudio tuvo como objetivo evaluar, a través de clasificacion visual y ensayos no destructivos,
el estado de conservacion de 32 vigas de madera para su retiso como proyecto de restauracion de
un edificio histdrico. Para esto se realizaron mediciones del contenido de humedad, penetrometro,
estimacion del modulo de elasticidad y tension de rotura mediante velocidad del pulso ultrasénico.
Los resultados mostraron que el 66% de las vigas presentaban afectacion por pudricion,
desfibramiento y fisuracion. Los ensayos realizados a las vigas deterioradas permitieron
determinar que, para una confiabilidad del 95%, de las restantes 21 vigas era posible reutilizar 17
de ellas con una densidad promedio de 0.4 g/cm?®.

Palabras clave: restauracion; vigas de madera; deterioro; penetrémetro; ultrasonido.

Avaliacdo nao destrutiva das vigas de madeira do edificio Narciso Lopez no
Centro Historico de Havana para reutilizacio em sua restauracao

RESUMO

O objetivo do estudo foi avaliar, por meio de classificacdo visual e ensaios ndo destrutivos, o
estado de conservacao de 32 vigas de madeira para reaproveitamento como projeto de restauragao
de um edificio historico. Para isso, foram feitas medi¢cdes do teor de umidade, penetrometro,
estimativa do médulo de elasticidade e tensdo de ruptura por velocidade de pulso ultrassonico. Os
resultados mostraram que 66% das vigas foram afetadas por apodrecimento, desfibramento e
fissuragdo. Os ensaios realizados nas vigas deterioradas permitiram determinar que, para uma
fiabilidade de 95%, das restantes 21 vigas foi possivel reaproveitar 17 delas com densidade média
de 0,4 g/cm’.

Palavras-chave: restauracdo; vigas de madeira; deterioracdo; penetrometro; ultrassom.
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1. INTRODUCTION

The use of wood as a construction material has its origins in the first human settlements, with the
formation of primitive shelters. The benefits of its properties in terms of handling, durability,
hardness, resistance and color have led to its use throughout the history of mankind, both for artistic
and constructive creation. In buildings where the use of this material has a structural performance,
which influences the safety of the building and its tenants, it is necessary to carry out periodic
evaluations of the integrity of the wood through inspections and tests (Szostak et al., 2020;
Zielinska and Rucka, 2021). Factors such as the low global availability of structural timber, the
decrease in the diameter of the trunks of wood species that makes them less industrially usable,
together with the need to preserve the historical memory of buildings, have led to the development
of regulations, methodologies and assessment techniques for the evaluation of the quality and state
of conservation of this material (Documento Basico SE-M, 2019; Manavella et al., 2019; Salazar
et al., 2018; UNE 56544, 2011).

To make the intervention on timber structures as less invasive as possible, the application of
ultrasonic pulse velocity tests (UPV), resistography, screw extraction or penetrometer allow
reliable results to be obtained from in-situ measurements, and the evaluation of the state of
conservation of wooden structural elements. Their application makes it possible to estimate
parameters such as density, breaking stress, and modulus of elasticity for reuse or replacement in
accordance with project requirements. Although the use of these techniques offers advantages in
terms of classification safety based on their results, the visual evaluation of timber, as an acceptance
criterion, remains currently the most widely used method, fundamentally due to its low cost
compared to the use of equipment, and the ease that wood offers to show its characteristics and
damages on its surface.

The buildings of the Historic Center of Havana constructed before the 20th century have in
common the use of wood as a structural element to support floors and roofing, where beam and
plank systems are combined, with beam and slab by plank. These woods, at the time they were
sawn for exploitation as a structural element, were not classified by their characteristics due to the
lack of regulations in this regard, so criteria such as the width of the growth rings, cracks, resin
bags, gems, deformations and biological alterations were not taken into account in a standardized
way. In this sense, current valid standards (DIN EN 338:2016-07, 2016; ISO 9709:2018, 2018;
UNE 56544, 2011), establish rejection criteria that would lead to the total or partial substitution of
timber elements that, after having been used for more than a century, have demonstrated their
durability and bearing capacity, since this standards are designed for new wood.

However, when it comes to reusing structural timber elements for rehabilitation and heritage
conservation, the combined use of visual and analytical criteria is important, since the latter can
provide better success criteria compared to visual classification, as was proven by (Rello et al.,
2007) where they obtained that through UPV it is possible to reach up to 72% with respect to the
53% of success in wood quality. Over the years of exploitation, construction materials suffer
different forms of deterioration that, in the case of wood, begin fundamentally due to the presence
of humidity since it is a hygroscopic and porous material. In this sense, several researchers (Bratasz
et al., 2010; Sotomayor Castellanos, 2015) have shown the influence of water content on the
conservation of wood and its properties. According to (Arriaga et al., 2006), the modulus of
elasticity, might vary by 2% for humidity ranges between 5% and 30%.

Based on the aforementioned considerations and the need to evaluate the possible reuse of wooden
beams in historic buildings, this work aims to present the results of the evaluation of the state of
conservation of the wooden beams of the first level support between the axes 5-6:A-C of the
Narciso Lopez building (Figures 1 and 2), located in the Historic Center of Havana. It was built in
1858 and has 4 levels, of which the ground floor and mezzanine are made of stone walls, while the
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upper floors are made of masonry. The floors are supported by pine wood beams (pinus sp.). The
restoration processes started in 2019 required a pathological diagnosis, for the first time since the
construction of the property, to determine its possible use and thus preserve, as far as possible, the
original elements of the building.

calle Narciso Lopez

—
=

Avenida del Puerto

—
Figure 1. Narciso Lopez Figure 2. Plan view of the first level of the building.
Building. Source: Arch. Signage of the study area. Own elaboration

Fernando Salinas Documentation
Center, Restaura, OHCH

2. EXPERIMENTAL PROCEDURE

The study began with the removal of the floor and the dismantling of all the beams. This enables
detailed inspection on all sides (Figures 3 y 4), fundamentally in the area of the heads, which, being
embedded in the walls, show greater deterioration due to rot by increase of moisture inside the
joints (Figures 5y 6). This first stage makes it possible to record the position, length, direction and
sense of each fissure, crack, rot and/or defibration present in the beams, for which the distance of
the lesion with respect to the head was taken as a reference (Figure 7). Additionally, the test areas
that have the ideal conditions for carrying out the measurements were identified. In areas where
there are cracks or deterioration due to different forms of rot (brown, soft, etc.) it is not possible to
carry out measurements because a correct transmission or confinement of the signal is not achieved
from the emitter to the receiver, or the results obtained are altered by the presence of microbial
films that affect the physical-chemical composition of the wood, degrading its structure and
density. On the other hand, impact or penetration techniques have the drawback that they should
not be applied on irregular surfaces that influence the moment of impact of the drill bit, either due
to its deformation, alteration in the angle of entry or lack of wood to offer a density value
representative of the real properties of the structural element. For the preparation of the test areas,
two sections were selected for each beam, free of surface lesions.

Subsequently, each beam was identified using the code (VA-x), where X represents a consecutive
number, starting from 1. The local has a total of 32 wooden beams, which support each other axes
5-6. To determine the dimensions, a tape measure was used, and the measurements of width, depth
and length were recorded (Table 1). The heads of the beams were identified with the letters A and
B (Figure 8).
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Figure 3. Stage of detailed inspection in beam  Figure 4. Inspction and visual classification
mounted on wood supports of disassembled beams

Figure 6. Disassembled beams with different
pathological manifestations

Figure 5. State of the beam heads
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Fiure 7. Measure of the affected beam Figure 8. Identification of wooden beams
section with Steel tape

2.1 Non-destructive test applied
The tests applied consisted of estimating the density (p), breaking stress (fk) and dynamic modulus
of elasticity (MOE), by combining the penetrometer and UPV techniques. For both it is necessary
to make adjustments with respect to the moisture content, for which the value of 12% is taken as a
reference. In the case of the penetrometer, to determine the density at 12% humidity, the adjustment
equation used was (Kuklik, 2007):

P12z = —0.027102 * t, 1, + 0.727987 (1)
tp12 = tp(1 —0.007Aw) 2)
Aw =w—12 3)

Where:

p1,= wood density at 12% humidity; g/cm?

tp,12= depth of penetration in the wood with 12% humidity; mm
t,= depth of penetration in the tested wood; mm

w= wood moisture at the time of measurement; %

For the measurement of UPV, the equipment used was Proceq Pundit Lab+, with 54 KHz conical
transducers (Figure 9). They were placed perpendicular to the fibers (Figure 10) and the distance
between them was programed in the equipment for each beam. The adjustment was made at 12%
humidity using the following equation (Lifian et al., 2011):

VPU,, = 27.5(w — 12) + VPU (4)

Where:

UPV 2= ultrasonic pulse rate referred to 12% humidity; m/s
w= wood moisture at the time of measurement; %

UPV= measured ultrasonic pulse velocity; m/s
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Figure 10. UPV application diagram perpendicular to the fiber

Based on the same criteria, the basic breaking stress (fk) and the limit for determining the state of
conservation of the wooden beams were calculated:

fr = (0.212VPU,, — 183.09) x 1/10 (5)

Where:
fk= breaking strain; MPa
UPV 2= ultrasonic pulse rate referred to 12% humidity; m/s
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From the UPV measurements and the density estimation values obtained, the dynamic modules
were calculated by applying the equation used by (Alquicira and Castellanos, 2021; Ettelaei et al.,
2018):

MOE = p «VPUZ, (6)

Where:

MOE= dynamic modulus of elasticity; N/m?

p= density; Kg/m?

VPU3%,= ultrasonic pulse rate referred to 12% humidity; m/s

To measure the humidity on the timbers, the Delmhorst's TotalCheck thermo-hygrometer was used
(Figure 11).

Figure 11. Surface moisture measurement with Delmhorst's
TotalCheck thermo-hygrometer equipment

3. RESULTS AND DISCUSSION

3.1 Visual Assessment

Of the 32 beams inspected, eleven of them did not show any type of injury (Table 1). In accordance
with the visual classification requirements of the standard (UNE 56544, 2011), 4 beams categorized
as ME-1 and 7 as ME-2 (Table 2). The rest of the beams are classified as Rejected considering the
recurring damage from cracks and longitudinal fissures, rotting and splintering, mainly in the area
of the heads up to a distance of approximately 40 cm. However, as it is a rehabilitation project that
intends to use the original beams, with the exception of VA-18, all of them need to be re-evaluated
through the proposed tests.
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Table 1. Results of the inspection to the wooden beams.

Wide Timber Length
ID (cm) cant (cm) Damages
(cm)
VA-1 15 19.5 312 Splintered by UND at 70 cm from head A.
Discontinuous longitudinal cracks in the middle
VA-2 16 20 320 of the depth of the LAS, from head B to a length
of 250 cm.
VA3 13 20 309 Longitudinal discontinuous cracks in the middle
of the depth.
VA4 175 20 995 Shredded in TOE throughout the length of the
beam.
Discontinuous longitudinal cracks and fissures by
LAS, in the middle of the depth.
VA-S 175 20 310 Shredded by TOS from head B to a length of 70
cm.
Crack in the LAS, from head B to a length of 20
VA-6 14 20 304 cm in the middle of the superelevation.
Longitudinal crack in the middle of the depth of
VA-7 12.5 20 304 both lateral faces, from head A to a length of 90
cm.
Longitudinal cracks from head B to a length of 60
VA-8 12.5 20 310 cm in the upper half of the LAS.
LAS rot from head A, up to a length of 70 cm.
VA-9 14.5 20 309 No damages were observed.
Longitudinal fissure in the upper half of the LAS,
along the entire length.
VA-10 155 20 310 Superficial shredding by LAS, 90 cm from head
B.
VA-11 17.5 21 310
VA 7 20 310 No damages were observed.
Shredded by the TOS affecting 5 cm of the width
VA-13 1.5 213 476 of the LAS and 2-3 cm of the height.
VA-14 11.5 21.5 475 No damages were observed.
Longitudinal fissure in the middle of the depth of
VA-1S 1.5 213 472 the LAS throughout the length.
VA-16 12 22 480 No damages were observed.
VA-17 13 215 430 Shredded by TOS at 30 cm from head B, up to a
length of 60 cm.
VA-19 13 21 480 No damages were observed.
VA-18 Widespread decay
VA-20 12 20 480
VADL 15 20 430 No damages were observed.
Discontinuous longitudinal cracks and fissures by
LAS throughout the span of the beam in the lower
VA-22 11.5 21 480 half of the depth.
Shredded by TOS from 160 cm from head A, up
to a length of 200 cm.
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Superficial defibration in the upper third of the
VA-23 15 20 299 LAS, from head B to a length of 40 cm.
VA-24 14 19.5 297 No damages were observed
VA-25 15.5 20 306 '
VA-26 18 20 305 Shredded throughout the upper edge of the LAS.
VA-27 17 20 305 Longitudinal cracks by TOS throughout the light.
Softening and defibering by TOS, throughout the
VA-28 15 20 310 length.
Discontinuous longitudinal fissures by the LAS.
VA-29 14.5 20 310 Shredded in head A agd B by the TOS up to a
length of 40 cm respectively.
VA-30 14.5 20 310 Shredded by. TOS affecting 3 cm of the depth
along the entire length.
Chipped by UND at 60 cm from head B.
VA-3l 16.5 20 362 Superficial defibration in TOE of the LAS.
VA-32 11 21 361 No damages were observed.
Abbreviations used:
UND: underside
LAS: lateral side
TOS: top side
TOE: top edge

Table 2. Visual classification of wooden beams.

(nguszgs(ﬂ?lzl:)}; 1 Amount of wooden beams
ME-1 4
ME-2 7
Rejected 21

The visual inspection allowed to determine the extension of the damage on the surface, but not its
depth in the mass of the wood, except in cases where the rot is very advanced. Injuries due to rot
or deep cracks towards the interior of the beams can lead to the loss of the bearing capacity of the
element and cause its fracture.

In accordance with (Nuere, 2007), in cases in which the deterioration can lead to the invalidation
of the element to fulfill the structural function assigned to it in the whole, the decision must be
made whether to replace or reinforce the beams. The application of these criteria to each beam will
depend on the combined analysis of the visible lesions, and the results obtained by non-destructive
techniques (Table 3). The removal of a wooden element will necessarily require its replacement by
another of similar dimensions that meets the requirements of visual classification and resistance
class, so as not to affect the load requirements for the project.

3.2 Application of non-destructives assays

To carry out the penetrometer and UPV tests, two points were prepared on each beam. In each one,
5 readings were recorded, for a total of 10 results for each element. Figure 12 shows a summary of
values in some of the beams tested.
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Figure 12. Summary of UPV measurements at a test point for wood beams.
Data extracted from software Proceq PunditLink

The criteria for estimating wood deterioration based on UPV results were established in accordance

with (Lifidn et al., 2011), in which it is established that:

UPV > 1400 m/s: sound wood (SW)
UPV < 1400 m/s: damaged wood (DW)

Table 3: Average results of measurements and applied calculations.

w | Tp [tp2] p12 Jueve [ &« | MOE L
D | (mﬁn) (rﬂ’m) (gl/)cm3) m/s) | (MPa) | (MN/m?) | Criteria
VA-1 |133] 105 | 104 | 045 |2011.58 | 24.34 | 1804.33 SW
VA2 |123] 100 | 100 | 046 |2143.33| 27.13 | 2101.57 SW
VA3 | 11.8] 120 | 120 | 040 |2020.32 | 24.52 | 1642.40 SW
VA4 | 143 | 120 | 11.8 | 041 |1972.75] 23.51 | 1587.83 SW
VA5 |17.9] 95 | 91 | 048 [1930.15] 22.61 | 1792.52 SW
VA6 |13.7| 95 | 94 | 047 |2108.75]| 26.40 | 2105.94 SW
VA7 | 158 95 | 92 | 048 |2565.00 | 36.07 | 3140.70 SW
VA8 |152] 105 | 103 | 045 | 92120 | 122 | 381.70 DW
VA9 |199] 113 | 10.7 | 0.44 |2147.25| 2721 | 2022.57 SW
VA-10 | 122 107 | 10.7 | 044 |1865.80 | 21.25 | 1526.17 SW
VA-11 | 146] 9.0 | 88 | 049 |2043.00| 25.00 | 2038.96 SW
VA-12 |18.1| 123 | 11.8 | 041 |1733.55| 18.44 | 1228.72 SW
VA-13 | 17.8]| 107 | 103 | 045 |2375.50 | 32.05 | 2538.05 SW
VA-14 | 149 123 | 12.1 | 040 |2101.05]| 2623 | 1771.94 SW
VA-15 | 156 117 | 11.4 | 042 |2019.70 | 24.51 | 1708.71 SW
VA-16 | 193] 11.0 | 104 | 045 |2336.25| 31.22 | 2429.38 SW
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VA-17 [157] 12.0 | 11.7 | 041 [2273.55] 29.89 | 212543 | Sw
VA-18 Beam discarded due to advanced decay

VA-19 [17.0] 103 | 99 | 046 [2126.00] 26.76 | 2072.85 SW
VA-20 [154] 103 | 10.1 | 046 |[2066.10 | 25.49 | 1944.34 SW
VA-21 [156] 11.0 | 107 | 0.44 [212620] 26.77 | 1977.26 SW
VA-22 [14.4] 107 | 105 | 044 [1485.10] 13.18 | 976.75 SW
VA-23 [144] 100 | 98 | 046 |[2165.10 | 27.59 | 2163.45 SW
VA-24 [13.1] 93 | 92 | 048 [1995.55] 24.00 | 1903.02 SW
VA-25 [12.0] 107 | 10.7 | 0.44 |1996.20 | 24.01 | 1745.33 SW
VA-26 [13.2] 10.0 | 99 | 0.46 |2073.90 | 25.66 | 1975.23 SW
VA-27 [162] 107 | 104 | 0.45 [2015.70 | 24.42 | 1814.24 SW
VA-28 [184| 127 | 12.1 | 040 |[1397.50 | 11.32 | 779.66 DW
VA-29 [157] 11.7 | 114 | 042 [1960.35 | 23.25 | 1610.61 SW
VA-30 [14.5] 11.7 | 11.5 | 042 [2193.75] 28.20 | 2004.15 SW
VA-31 [14.6] 12.0 | 11.8 | 0.41 |1914.30 | 22.27 | 1497.63 SW
VA-32 [139] 97 | 96 | 047 [1960.15] 23.25 | 1800.43 SW

In the UPV results obtained, only two beams (VA-8 and VA-28) show values below the established
limit of 1400 m/s, being classified as "deteriorated wood". This may be due to fungal infestation
from rotting, softening and spalling in the wood having spread into the beams, which is reflected
in the wave transmission velocity output between the transducers. With the years of exploitation of
the building it is not possible to determine the causes for which these beams suffered a deterioration
considerably higher than the rest. It is possible that its location coincided with that of humid areas
such as bathrooms or kitchens, although the registered humidity contents do not show extreme
values that support this hypothesis. The statistical analysis of the data (Table 4), in which beams
VA-8 and VA-28 were excluded, show a dispersion for UPV of less than 10%, with a reliability of
95%, so that for the rest of the values the population of data obtained is accepted.

Table 4: Statistical calculations of the results obtained in the beams classified as SW.

Statistical Tp,12 12 UPV, 12 MOE
parameters w (%) (I‘Em) (gl/)cm3) (m/s) fk (MPa) (MN/m?)
XAVG 15.1 10.8 0.4 2059.5 254 1898.3
sd 2.1 1.0 0.0 197.3 4.2 400.3
CV(%) 14.0 9.2 5.8 9.6 16.5 21.1
Min. 11.8 9.0 0.4 1485.1 13.2 976.8
Max. 19.9 12.3 0.5 2565.0 36.1 3140.7

The minimum density of the beams was 0.4 g/cm?®. This corresponds to a resistance class
classification higher than C35, according to (Documento Bésico SE-M, 2019). The UPV results of
less than 1400 m/s obtained for VA-8 and VA-28 infer that the deterioration due to rot and cracks
extends towards the interior of the element. However, their penetration depth results were not
significant compared to the other beams.

This shows that the estimation of the state of conservation of wood based on the density calculated
by penetrometer, can lead to false positives if it is not combined with other measurement
techniques. The hardness of the wood at the point of impact of the needle can result in a high value
that does not reflect the deterioration inside the material. Figure 13 shows the general analysis of
results that correlate the moisture content/penetration/calculated density. In the cases of VA-9 and
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VA-16, it is identified how they reach a penetration value > 11.0 mm for humidity close to 20%,
in which a softening of the wood would be expected that result in greater penetration, as happens
with the VA-28. The moisture content comparison between these beams is very similar but with
opposite results. In the case of VA-9 and VA-16 they do not present any lesions and they
maintained a UPV higher than 2000 m/s, while in VA-28 the progression of the damages towards
the interior of the beam was confirmed with UPV results less than 1400m/s.
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Figure 13. Relationship of results of moisture content, penetrometer and density
calculated at 12% for all the wooden beams studied

Of the total UPV measurements made, 82% fluctuated in a penetration depth between 9.0 mm and
12.0 mm. In the graphical analysis (Figure 14) it can be seen how the majority set of results
occupies the range between 1800 m/s and 2400 m/s for the aforementioned interval. The graph
allowed to identify beam VA-22 as a variable distant from the population mean with a result of
UPV= 1485.10 m/s. If the calculated standard deviation and the damages present in the beam are
taken into account, it would be reasonable for structural safety reasons to replace it with a new one.
The values obtained from the proposed equations for estimating the fk and the MOE show a high
correlation between them (Figure 15), characterizing the beams in structural class ME-2 (UNE
56544, 2011), on which they must apply all the restoration and consolidation actions necessary for
its reuse.
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4 CONCLUSIONS

Of the 32 beams diagnosed to evaluate their possible reuse as structural timer in the rehabilitation
of the property, the following conclusions are reached:

The most recurrent injuries found during the visual inspection were the deterioration of the heads
due to excess moisture in the joints, by the development of rotting fungi, as well as fissures and
discontinuous cracks on the faces and edges. Among the most common restoration and
reinforcement techniques for these types of deterioration are the use of metal caps and brackets to
guarantee the fastening of the beams at the support points. Pickling or brushing of the faces and
edges until reaching a surface with the fewest possible number of injuries. The fissures, on the
other hand, can be sealed using resins, or from the preparation of a paste of carpenter's glue mixed
with sawdust. Fumigation and treatment with biocide products, and finally the structural
recalculation for the new dimensions of the beams.

The combined study of visual evaluation and non-destructive tests made it possible to identify that
beams VA-8, VA-18, VA-22 and VA-28 must be replaced due to advanced lesions and poor density
to be reused as a structural element.

The current regulations for visual classification of sawn wood for structural use is very conservative
with regard to deterioration, which can result in the total replacement of old wooden elements. In
rehabilitation and conservation projects of patrimonial assets, the evaluation of the state of
conservation is more effective through the application of measurement tests on the pieces of wood.
According to the results obtained in this study, the UPV technique showed more accurate results
with respect to the density condition of the wood compared to the penetrometer technique, in which,
through the equations used, no affectations were reflected in the densities for moisture content
variations between 11.8% and 19.9%.
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