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Abstract: In ancient buildings, timber members may require specific on-site interventions, including
reinforcement or repair and sometimes the insertion of reinforcing material into grooves routed
in the original sound wood. The required number, positions, and dimensions of grooves and the
strengthening materials may differ according to the desired increases in bending stiffness and strength.
The modulus of elasticity (MOE) of each beam is of key importance: the MOE is typically a point of
weakness for wood and is considered a constant characteristic of each beam. However, taking into
account the wood lost for the groove, whether the needed incisions affect the stiffness is unknown.
As such, in this study, 12 old beams were accurately measured, and their static and dynamic MOEs
were calculated before and after groove formation to simulate the typical processes of reinforcing
interventions. One groove was routed along the length of each beam and progressively deepened in
three steps. The results of tests showed how the MOE is affected by the groove depth, decreasing
by up to one-third (34.1%), and that beam stiffness cannot be regarded as constant. Beam stiffness
depends on the features of the beam, mainly the pith, fissures, and slope of the grain, as well as its
structural integrity. Beam stiffness is strongly influenced by the cuts upon it. This study proves how
the weakening effect of grooves created on-site can be assessed using the dynamic MOE and roughly
predicted with a visual survey. The grooves required for strengthening beams must be thoroughly
evaluated, considering the potential reduction in the mechanical properties of the beam, which goes
well beyond the wood lost during cutting.

Keywords: historical timber; conservation; visual survey; mechanical properties; stiffness;
nondestructive testing; silver fir

1. Introduction

Historical timber structures are an important part of world cultural heritage; timber
buildings materials and construction techniques are part of our history, and their conser-
vation provides an essential contribution to cultural diversity and global cultural wealth.
The principles applied to the conservation of historical timber structures are universally
accepted and described in different documents and papers [1–5]. According to such prin-
ciples, the primary aim of the conservation is to maintain the historical authenticity and
integrity of the structure, to conserve the load-bearing function, to minimize any interven-
tion, and to preserve the original materials as much as possible. To meet these aims, the
residual mechanical properties of timber must be considered; strengthening interventions
that are implemented without considering this aspect are not in agreement with these
principles and are the consequence of an obsolete approach.

Interventions aimed to strengthen old timber elements are a complex field of research
because the proposed solutions must consider not only engineering but also some other
critical aspects: the intervention should be reversible as much as possible, minimally
invasive, and of proven efficiency and conserve the original material [6,7].
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The timber members of existing buildings may require specific on-site interventions,
including reinforcement or repair [8]. Upgrading wooden structures to withstand higher
working loads or restoring their originally designed strength and stiffness are engineering
tasks. Currently, a technique commonly used for strengthening and repairing timber
consists of embedding reinforcing materials (e.g., steel plates, pultruded fiberglass rod,
carbon-fiber-reinforced plastic (CFRP), etc., typically bonded with epoxy resins) in grooves
routed into the original sound wood [9–14] (Figure 1). 
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Figure 1. (Top): Ancient structures with an old timber beam strengthened at the intrados face via 

inserting steel plates into grooves routed along the longitudinal axis. (Below): Examples of some 

types of grooving that involve insertion for internal glued reinforcement arrangement: A, placing 

fiber‐reinforced polymer (FRP) strips close to the intrados; B, incorporation of steel plates; and C, 

inclusion of pultruded fiberglass rods on intrados. 

   

Figure 1. (Top): Ancient structures with an old timber beam strengthened at the intrados face
via inserting steel plates into grooves routed along the longitudinal axis. (Below): Examples
of some types of grooving that involve insertion for internal glued reinforcement arrangement:
A, placing fiber-reinforced polymer (FRP) strips close to the intrados; B, incorporation of steel plates;
and C, inclusion of pultruded fiberglass rods on intrados.

Many papers present the results of tests performed on specimens of various sizes
and different species to determine the best strengthening strategy to improve mechanical
performance both for new timber and ancient elements [10,15–18]. The results of such
studies are not always in agreement. For instance, Duarte et al. [16] observed that the
modulus of rupture (MOR) of strengthened timber elements did not increase for some
techniques. Alam et al. [17] recorded the MOR and modulus of elasticity (MOE) as increas-
ing for only some of the investigated techniques. Schober and Rautenstrauch [15], among
diverse other intervention proposals, tested four old timber beams reinforced with CFRP
that were bonded centrally to the tension zone in a vertical slot; they observed a minimal
MOE increase (+2.8%), considered negligible, for this intervention. Similarly, Alhayek
and Svecova [12] strengthened 20 salvaged timber stringers with glass-fiber-reinforced
polymer (GFRP) laminates and obtained a very small increase in stiffness (EJ) of 3.3%, with
a minimum of −0.36%. However, in general, reinforced timber elements show increases in
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the load bearing capacity, ultimate strength, and ductility after intervention, although the
increase in stiffness is lower.

The limit states’ criteria design (both ultimate and serviceability) must be carefully
evaluated when planning strengthening interventions for old timber structures are planned.
Design data on bending strength must be considered to avoid failures, and the stiffness
of timber elements is fundamental to preserving the historical structures from excessive
deformation, which could become irreversible over time. A common problem facing such
structures is meeting the serviceability limit states criteria because the MOE is often the
factor limiting the design of wooden structures. Additionally, as the principle of minimizing
interventions is universally recognized as fundamental for the conservation of the integrity
of historical timber structures [1], the MOE of the residual beam is vital, especially when a
strengthening intervention is planned for wooden cultural heritage.

All the above-described studies considered the MOE as a material property, unchange-
able and unaffected by any operation, even after forming grooves. This concept cannot
always be applied to wood as a material because wood is affected by the presence of natural
defects and anomalies, the effects of which depend on their dimension and position. Inter-
ruptions of grain continuity along the span and around knots, as well as the interactions
between grooves and other wood anomalies, as a consequence of forming grooves, could
affect the mechanical properties of wood; these effects may be stronger than the reduction
in the amount material caused by the removal of a portion of beam [13,19]. Particularly,
Cavalli and Togni [19] found a strict direct relationship between the reduction in MOE
and shrinkage fissures, and an unexpected relationship between grain straightness and
decreases in the MOE.

If the current requirements for strengthening interventions are to respect the original
construction and to preserve as much of the original material as possible, reinforcing
projects must consider any effects of grooves on the original mechanical properties of the
wood. For instance, when a strengthening intervention is targeted to increase beam stiffness,
the project should be planned to add the necessary strengthening material; however, if
the grooves needed to insert the additional material reduce the original stiffness, the
strengthening ratio must be increased. To maintain the integrity of the original material
and minimize the extent of the intervention, the proposed strengthening techniques need to
consider all potential factors that may cause variations in the original mechanical properties.
This is crucial, as adopting a different approach might result in ineffective outcomes (e.g.,
in an experimental strengthening intervention [15]).

The aim of this study was to investigate how much grooves routed along the length of
old timber members affected the bending MOE and how to predict it. Such information
is useful for the evaluations and strengthening intervention plans based on a modern
approach that includes the concepts of minimizing repair and respecting the original
structural members. To facilitate the work of structural engineers, their evaluations, and
designs, the results of this study were used to develop two simplified methods to assess
the weakening effect caused by grooves on the MOE of timber.

2. Materials and Methods
2.1. Timber Beams

Twelve old beams of silver fir (Abies alba Mill.) were disassembled and reclaimed from
various ancient buildings in the Tuscany region, close to Florence (Italy), where they had
been incorporated as wooden flooring or structural roof elements, and had underwent
restoration work. According to historical information, all the beams were older than
70 years. Their cross-sections were different, in the range of 16 × 14 to 28 × 22 cm. All the
defects could have affected the structural behavior of each timber member were recorded
and measured: slope of the grain, knots, wanes, position of the pith (11 beams with boxed
hearts and piths inside), and extension of fissures (the ratio between the fissure depth
and the cross-section width). Such defects, which varied in size and influence on the
mechanical properties, were considered in terms of their position, size, and characteristics.
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The positions of the piths and the measurements of the fissures are reported in Table 1.
More detailed information about the tested beams was previously reported [19].

Table 1. Data of sampled timber beams and effect of routed groove on J and E.

Beam
No.

Height d
(cm)

Width w
(cm)

Fissure
s

Pith
Position

h/d

Jy ,25/Jy
(%)

Jy ,50/Jy
(%)

Jy ,75/Jy
(%)

Em ,g25/Em ,g0
(%)

Em ,g50/Em ,g0
(%)

Em ,g75/Em ,g0
(%)

M∆Em ,g
(%)

1 15.0 13.6 0.58 0.44 96.9 96.6 96.3 85.3 81.0 82.9 19.0

2 18.3 16.3 0.28 0.48 97.6 97.1 97.0 101.5 91.9 90.5 9.51

3 22.3 16.5 0.22 0.70 97.1 96.7 96.5 95.9 91.2 90.4 9.60

4 23.8 21.0 0.49 0.53 98.1 97.7 96.8 96.1 74.4 65.9 34.1

5 23.0 20.0 0.28 0.45 98.0 97.6 96.6 94.9 94.0 94.2 6.00

6 21.0 18.6 0.00 no pith 97.4 97.1 96.8 95.5 92.3 91.7 8.35

7 21.8 17.6 0.57 0.43 97.6 97.3 97.3 75.0 72.4 71.5 28.5

8 26.8 21.8 0.44 0.47 98.2 97.9 97.0 92.5 95.2 93.0 7.51

9 27.6 22.0 0.23 0.52 98.2 97.9 97.7 99.7 88.2 89.0 11.8

10 26.4 20.2 0.52 0.52 98.0 97.7 97.5 92.7 88.6 75.9 24.1

11 24.9 17.6 0.54 0.45 99.0 98.5 98.3 82.8 75.9 69.2 30.8

12 25.8 18.6 0.38 0.49 97.8 97.3 97.0 102.4 98.7 84.5 15.5

average 231 187 0.38 0.50 97.8 97.4 97.1 92.9 87.0 83.2 17.1

minimum 160 136 0 0.43 96.9 96.6 96.3 75.0 72.4 65.9 6.00

maximum 276 220 0.58 0.70 99.0 98.5 98.3 102.4 98.7 94.2 34.1

stand.
dev. 3.52 2.50 0.18 0.08 0.56 0.54 0.56 8.10 8.84 10.07 9.98

Note: s = ratio between the fissure depth and cross-section width; h = pith-to-intrados distance; d = cross-section
depth; J = moment of inertia; Jy = J before creating groove; Jy ,25 = J after creating first groove; Jy ,50 = J after creating
second groove; Jy ,75 = J after creating third groove; E = modulus of elasticity; Em ,g0 = E before creating groove;
Em ,g25 = E after creating first groove; Em ,g50 = E after creating second groove; Em ,g75 = E after creating third groove;
and M∆Em,g maximum decrease in Em ,g.

2.2. Grooves

To simulate strengthening interventions, a single groove was routed on the intrados
face along the entire length of each beam using an electrical chainsaw while controlling
depth and position. The groove depth was progressively deepened in three steps to mimic
practice, e.g., 25% of the beam depth in the first step, 50% of the beam depth in the second
step, and then 75% in the third step.

The executed grooves were narrow (approximately 9 mm) (Figure 2), and the moment
of inertia (J), also called second moment of area, on the centroid position was recalculated
on the actual cross-section as its value changed after the creation of each groove. After
each woodworking process, a small quantity of wood was removed, and J decreased; in
the worst case, this decrease was 3.7% in beam no. 1 after the third step.

2.3. Mechanical Tests

To calculate the global MOE (Em,g), the test geometry was planned as four-point
bending tests, dividing the length of the beam in three parts of equal lengths (1/3 of the
full length), based on the European standard [20]. Em,g was chosen because it is easy to
measure (potentially on-site using a proof-loading test), and monitoring the behavior of the
full beam was easy. The static-bending MOE (Em,g) was calculated using Equation (1) [20].

Em,g =
∆Pa

6Ji∆η
(

3
4

l2 − a2) (1)

where Em,g is the global MOE (MPa); ∆P is the load increase in the elastic range (N); a is
the distance between the support and the load application point (mm); l is the testing span
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(mm); J is the moment of inertia (mm4) recalculated after each groove, with index i for the
4 different testing conditions; and ∆η (mm) is the intrados displacement measured at a
given ∆P.

Forests 2022, 13, x FOR PEER REVIEW  2  of  6 
 

 

 

Figure 2. Beam no. 3 after the third groove to 75% of the depth. 

   

Figure 2. Beam no. 3 after the third groove to 75% of the depth.

The timber elements were tested at the same intrados/extrados position, whereas the
cut was deepened on the intrados. As the sample comprised 12 beams, a total of 48 tests
were conducted, i.e., 4 tests per beam to determine 4 MOEs. The test was performed
within the elastic range of the beams before and after cutting the first groove as well as
after each deepening of the groove. Identical stress was applied while maintaining the
testing geometry, utilizing the loading speed specified in EN 408 [20], through the use of
a Metro-COM testing machine. In the laboratory, we maintained testing conditions of a
temperature of 20 ± 2 ◦C and a relative humidity of 65 ± 5%.

2.4. Dynamic Tests

Various dynamic tests were conducted to predict the MOE and develop specific
techniques for the on-site assessment of the MOE reduction caused by the creation of
grooves. We did not use an automatic timber-grading system (e.g., a strength-grading
machine (SGM)) to assess the MOE and its variation because many SGMs are not usable
on site because of their dimensions, and none are calibrated for testing old beams with
a groove on the intrados/extrados. To reduce the influence of the boundary conditions
during all the dynamic tests, the beams were suspended at their theoretical nodal points
for fundamental vibration mode in flexural vibration (0.224 of the length). All the dynamic
tests were conducted using coaxial piezoelectric accelerometers connected to a notebook
PC and a digital storage oscilloscope. Piezoelectric accelerometers are affordable and easy
to use on-site, owing to their compact dimensions and their self-powering system; they
offer accurate measurements for low vibrations with a very low noise level.

The dynamic MOEs were calculated for the following conditions: no grooves, and
grooves at 25%, 50%, and 75% of the cross-section depth.

In the flexural vibration tests, vibration was induced using a hammer impact, and data
were collected using an accelerometer connected to a notebook PC. The resonance frequency
was determined via FFT analysis using GS Spectrum Analyser software, version 4.0. The
dynamic flexural MOE (Ef) was calculated using Equation (2) [21].

E f =
4π2 f 2

1 l3

k4 J
m (2)
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where Ef is the dynamic flexural MOE (MPa), f 1 is the fundamental vibration frequency
(kHz), l is the beam length (m), J is the moment of inertia (m4) calculated for each testing
condition, m is the beam weight (kg), and k is a constant corresponding to the fundamental
mode of free–free flexural vibration.

In the longitudinal vibration tests, an accelerometer was fixed at one end, and the
opposite end was hit with a hammer. The vibration frequency was recorded, and the
dynamic MOE was determined according to Equation (3) [22].

El = 4ρl2 f 2
1 (3)

where El is the dynamic longitudinal MOE (MPa), ρ is the density (kg/m3), f 1 is the
fundamental vibration frequency (kHz), and l is the beam length (m).

For the stress wave transmission time test, each beam was excited with a hammer
impact after two accelerometers were fixed on the beams ends. The accelerometers were
connected to a digital storage oscilloscope: the one nearer to the hit end started a microsec-
ond counter, and the second one stopped it, thus providing the time for the impact stress
wave to travel between the two ends. The velocity of the stress waves was calculated by
dividing the beam length by the flight time of the stress waves [23], and the dynamic MOE
was calculated using Equation (4):

Esw = ρv2 (4)

where Esw is the dynamic stress-wave MOE (MPa), ρ is the wood density (kg/m3), and v is
the stress-wave velocity (km/s).

3. Results
3.1. MOE Reduction

The average MOE was low compared with that of new, sound wood, as expected
for beams with several defects such as knots, grain slope, and unknown load history. In
general, all the beams showed a reduction in MOE that was larger than the reduction in J
(Figure 3), which was a consequence of the interactions between the groove and beam
characteristics. Such interactions reduce the original timber quality, causing a general
degradation of their mechanical behavior:

- Interrupting the grain continuity [24,25];
- Cutting the fiber around the knots and increasing the stress in their proximity [26];
- Interactions between shrinkage fissures and groove depth [19].

Cavalli and Togni [19] observed that the distance between this kind of fissure and
groove particularly influences reductions in the MOE.

As the pith provides the reference point for the positions of shrinkage fissures, which
deepen in its direction in the beam, the shorter the distance between the groove and pith,
the larger the MOE reduction. This outcome can be explained by the relationship between
the decrease in the maximum MOE (M∆Em,g), the combinations of fissure extensions (with
the section width ratio), and the fissure distance from the pith (Equation (5)):

M∆Em,g = 38.8 × pith_position + 66.0 × f issure − 28.7 (5)

where M∆Em,g is the maximum decrease in the MOE, and pith_position is the ratio between
h (pith to intrados distance) and d (cross-section depth), as reported in Table 1. The
regression chart is shown in Figure 4.
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Figure 3. Load–deformation graphs of beam Nos. 1, 4, and 10. Comparison between natural beam
and beam with grooves. Differences between expected and actual stiffness reductions are shown.



Forests 2023, 14, 1854 8 of 12

Forests 2022, 13, x FOR PEER REVIEW  4  of  6 
 

 

 

 

Figure 4. Multiple regression: MΔEm,g = −28.7 + 38.8∙pith_position + 66.0∙fissure; R2adj = 54.2%, p‐value 

= 0.018; mean absolute error (MAE) = 4.90, and mean absolute percentage error (MAPE) = 0.33. 

   

Figure 4. Multiple regression: M∆Em,g = −28.7 + 38.8·pith_position + 66.0·fissure; R2
adj = 54.2%,

p-value = 0.018; mean absolute error (MAE) = 4.90, and mean absolute percentage error
(MAPE) = 0.33.

Practical Consequences

The results showed that the described strengthening intervention, designed without
considering the potential reduction in MOE, may lead to ineffective results, even if designed
respecting the principle of minimum intervention. The design of such an intervention must
consider the characteristics of each beam because each beam has a specific reduction MOE
for each groove depth. Moreover, the above data were obtained from one small groove, but
strengthening interventions based on grooves with comparable depth but with different
for numbers and dimensions may produce a stronger weakening effect. Therefore, the
on-site assessment of the potential reduction in MOE is of key importance for the design of
strengthening interventions to enhance stiffness.

4. Assessment of Reduction in MOE

Two different methods are here proposed for the on-site assessment of reductions in
MOE as a result of the creation of grooves. The first one is based on dynamic tests and
can be used on timber members after forming grooves making and before the insertion of
strengthening materials. The second method can be used prior to groove creation to first
estimate the possible reduction in MOE, based on the recording of the visual features of
the beams.

4.1. Dynamic Tests

The relationship between the dynamic and static MOEs for the different tests are
reported in Table 2. The capacity of the tested techniques to predict the MOE on ancient
timber beams has been investigated [19,27]. Although all the techniques are capable of
assessing the Em,g with a high or medium correlation (where the correlation level is defined
according to [28]), the capacity to predict the maximum reduction in Em,g differs for each
dynamic test. For the stress-wave and longitudinal vibration tests, the average maximum
reduction in the MOE is small (4% and 7%, respectively, after the third deepening of the
groove) compared with that of the static tests (average maximum static MOE reduction
of 17%). This difference is a result of the characteristics of the dynamic tests [29,30], which
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results in an unsatisfactory ability to predict stronger weakening effects. Therefore, for
practical purposes, these two techniques are unreliable for the assessment of reductions in
the MOE.

Table 2. Correlation between dynamic and static MOEs.

Ef0 Ef25 Ef50 Ef75 El0 El25 El50 El75 Esw0 Esw25 Esw50 Esw75

Em.g0
0.83

(11.8)
0.70

(14.8)
0.60
(18)

Em.g25
0.84

(11.2)
0.70

(17.2)
0.63

(18.9)

Em.g50
0.85

(10.5)
0.66

(16.5)
0.55

(18.7)

Em.g75
0.81

(11.9)
0.68

(15.8)
0.50

(19.4)

Note: Ef = dynamic flexural MOE, El = dynamic longitudinal MOE; Esw = dynamic stress-wave MOE; and Em ,g
MOEs are listed in Table 2. In brackets, () = mean absolute percentage error (MAPE, %). All the reported values
are highly significant (p-value < 0.01).

The flexural vibration test showed a stronger capacity to predict the Em,g and its
variation (Figure 5); however, this test requires specific boundary conditions to be arranged
on-site, and it underestimates the reduction in Em,g (average maximum Em,g reduction
of 17%; average maximum Ef reduction of 11%). As the flexural vibration test can be
used on-site only after the creation of grooves (with respect to the boundary conditions),
the assessment of the reduction in the MOE under those conditions may help structural
engineers to design the intervention to correct the strengthening ratio.
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Figure 5. Relationship between maximum decrease in Ef (M∆Ef) and corresponding maximum
decrease in Em,g. Simple regression: M∆Em,g = 0.157 + 1.34 × M∆Ef; R2

adj = 69.8%, p-value = 0.0004;
and MAE = 4.29, MAPE = 0.35.

4.2. Visual Survey

In many cases, knowing the potential effect of the grooves on the MOE in advance
would be more important in planning strengthening interventions. In this case, the reduc-
tion in MOE can be roughly and indirectly assessed by surveying the features of the timber
beams that are related to reductions in the MOE.

The diagram in Figure 6, based on the outcomes of this study, displays the decreases
in Em,g calculated after each groove deepening at the intrados face. For each case, the figure
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reports the expected potential reduction in Em,g for each groove depth (25%, 50%, and
75% of the cross-section depth). The starting point in Figure 6 is the identification of the
presence of shrinkage fissures. If the pith is not included, no fissures exist in the beam or
in the bottom part of the figure; the estimated decrease in the MOE is reported for each
groove depth. If the pith is included, and fissures are present, the position of the pith must
be identified: if the pith is above the neutral axis, proceed to the potential decrease in the
MOE; otherwise, if the pith is below the neutral axis, the fissure depth must be considered
in relation to the beam width. Due to the large variability in the response of each beam
and to the limited number of beams tested, the ranges of values must be considered as an
approximation to provide an order of magnitude of the reduction in the MOE for various
groove depths. The same diagram can be applied to grooves on the extrados, considering
the sections upside-down.
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Figure 6. Assessment of reduction MOE via a visual survey. For each groove depth (25%, 50%, or
75% of the cross-section depth), the weakening effect (WE) expected on the MOE is expressed as the
percentage decrease in the MOE. Symbols: a, b = depth of shrinkage fissures, d = cross-section depth,
and w = cross-section width.

The diagram considers the presence and extension of the shrinkage fissures and the
position of the pith, which are the most important factors affecting reductions in the MOE.
In practice, this method must be adopted by experts because other timber features that
were not considered in the studied sample could have an additional influence on the MOE
and its decrease (e.g., dimensions and position of ring-shakes, presence of localized decay,
etc.). The potential effects of grooves on strengthening interventions, which can be variable
in number, dimensions, and positions, must be carefully considered.
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5. Conclusions

The reduction in the MOE of old timber beams after creating grooves is mainly due to
the interactions between grooves and the grain course and between fissures (depth and
position) and grooves, indicating the MOE is particularly important in beams with boxed
hearts and piths inside.

The higher reduction in MOE that was observed (up to 30%), despite a minimal
reduction in J (less than 3.8%), highlighted the need to consider alternative strength-
ening techniques, without grooves, for specific timber elements. This was because di-
minishing the stiffness of an element that requires reinforcement could be considered a
senseless intervention.

The large variability observed in the MOE reductions after creating grooves suggests a
general caution is required when planning strengthening interventions using the described
techniques; additionally, the reinforcement design must carefully consider the relevant
characteristics of each beam.

Two methodologies for the on-site assessment of potential reductions in MOE were
discussed. The first was based on the dynamic test and can be used after the formation of
the grooves. The second was based on the specific features of a beam (presence of shrinkage
fissures, their positions and extensions, and pith positions) and is useful for assessing
reductions in the MOE before the creation of grooves. Both methods, to be used with
caution because they are based on the outcomes of a small sample, can aid in the correct
design of strengthening operations to be conducted on ancient timber beams.
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