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Introduction

The interest in recycling old timber has
increased recently (Kranitz et al. 2013). Sal-
vaged timbers can be reused for making
furniture, interior design and restoration
works. Brandon Davis (2012) presented a
detailed and thorough review of benefits
and opportunities of using reclaimed
wood. To reuse reclaimed timber in wood
construction, the mechanical properties
must be taken into consideration. Many
research works have investigated the
aging effects on the bending Modulus of
Elasticity (MOE) or the bending strength
(MOR) of old timber, since the MOE is well
related to the overall quality of timber and
MOR is usually the most important and lim-
iting factor in timber structures. In some
cases, the mechanical properties of wood
were not being significantly affected by
aging process if the wood is preserved by
decay phenomena (Kuipers 1986, Ehlbeck
& Gorlacher 1990, Rug & Seemann 1991,
Togni 1995, Yokoyama et al. 2009, Kranitz
et al. 2013). Other works reported a signifi-
cant bending strength reduction (Attar-
Hassan 1976, Piao et al. 2004, Nakajima
2008). This explains why the effect of
aging on the mechanical properties of old
timber is still of interest for architects and

Interest in both the time effect on the timber mechanical properties and the
reuse of old solid timbers has prompted many research works since the 1970s,
mainly focusing on evaluating bending strength (MOR) and stiffness (MOE).
However, only few studies have investigated the effect of aging on shear mod-
ulus (G). In this work, transverse vibration test is used to calculate G and MOE
of over 80 old timber beams. The MOE/G ratio and the relationship between G
and different timber features are investigated. The main outcome of the re-
search confirms that the MOE/G ratio is around 20, close to the value reported
in literature for new solid timber. No relationship exists between G and MOE
(r*=0.07) or between G and other timber features. When density and knots are
used as predictors in a multiple regression model, the G prediction improves
(r*=0.22). This work confirms that G is not affected by the age of timber.
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structural engineers.

Shear modulus (G) is the ratio of shear
stress to shear strain, describing the mate-
rial’s response to shear stress. It is a basic
property of materials, essential for the effi-
ciency of construction procedures (Yoshi-
hara 2011) when short members are consid-
ered within a structure or for parts sub-
jected to torsion action and when timber is
loaded in bending, because in nearly all
cases, deflection is also affected by G. It is
also used by structural engineers for finite
element analysis and for various strength-
ening intervention designs such as beams
ends prosthesis. Finally, the MOE/G ratio is
used in design equations to determine tor-
sional rigidity and to predict structural
beams’ lateral torsional stability.

Shear modulus is usually assumed as a
portion of MOE, because in clear wood
both are related to the density and the
microfibril angle within the cell walls. For
structural timber, G is also affected by
many other features such as slope of grain,
knots and presence of pith.

The determination of G by mechanical
tests is quite difficult, it is biased by errors
and it is time-consuming (Brandner et al.
2007), so many researchers used dynamic
methods applied to small specimens. Chui
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(1991) calculated the G values comparing
clear and unclear small specimens obtained
from the same boards to evaluate the
effect of knots on both MOE and G. Divos
et al. (1998) investigated the relationship
between statically and dynamically deter-
mined G on small specimens. Carreira
(2012) used transverse vibration test to cal-
culate the MOE/G ratio of 20 full dimension
logs (2.25 m long, 16 cm diameter). Krénitz
et al. (2013) and Noguchi et al. (2011) inves-
tigated the G value of small clear speci-
mens obtained from old timber beams,
demonstrating that G is not affected by
age. Recently, Olsson & Kaéllsner (2015)
used the transverse vibration test to evalu-
ate both MOE and G and their relationship
on Norway spruce boards, reporting that G
largely depends on density and is poorly
correlated to the MOE. The goals of this
research are to calculate the shear modu-
lus of structural timber coming from differ-
ent historical buildings, to investigate the
relationship between G, timber features
(density, knots, slope of grain, ring shake)
and MOE, and to compare them to the val-
ues reported in the literature for new
structural timber.

Materials and methods

Materials

Eighty-four structural timber beams were
tested and carefully inspected. Seventeen
were spruce (Picea abies Karst.), and 67
were silver fir (Abies alba Mill.). Since the
two species have similar physical and
mechanical properties, they were consid-
ered together in this work, as many visual
grading rules state for new timber. Based
on the historical research, all the beams are
older than 70 years, so it is possible to sup-
pose that they were not subjected to high
stress levels during their service life, ac-

iForest 10: 446-450


http://www.sisef.it/iforest/contents/?id=ifor1787-009
mailto:alberto.cavalli@unifi.it

o)
1S
-
(%]
(V)
1
o
L
©
c
(]
w
()
v
c
L
v
w
o
()
o0
0
o
1
-~
w
v
S
(o}
L

Cavalli A et al. - iForest 10: 446-450

Tab. 1 - Descriptive statistics for density (p), Modulus of Elasticity (MOE), shear modu-
lus (G) and MOE/G ratio of the tested timber beams. (MC): moisture content.

MC

MOE G

Parameter (kgpm'3) %) (MPa) (MPa) MOE/G
min 335 10 2795 201 7
max 570 19 15575 613 36
average 422 13 8626 398 21
CV (%) 11 6.6 30 28 33

cording to the effect of the duration of
load (Hoffmeyer & Serensen 2007). In the
original buildings, the beams were mainly
used as part of trusses (rafters and tie
beams) and floor beams, and consequently
were subjected to different stress actions

(bending, compression and tension).

The average cross-section of the beams
was between 14x14 and 28x22 cm?, and the
average length was about 470 cm.

Different timber features affecting the
mechanical properties of wood were ob-
served and recorded.

* Slope of grain: calculated as the angle be-
tween the fibre orientation and the longi-
tudinal axis of the timber. It is an impor-
tant factor affecting the elastic proper-
ties of wood.

* Knots: they affect both MOE and G. In

this work, knots were evaluated accord-

ing to the visual strength grading rules of
solid timber UNI-11119 (2004) and UNI-

11035-1/2 (2010), as the ratio between the

minimum diameter of a knot and the di-

mension of the face on which it appears,

and recording the maximum observed
value.

Wane: their dimensions were measured,

and the ratio between the cathetus and

the length of its corresponding face was
calculated. Wane are quite common in
old structural timber of large dimension,
though it is well known that they do not
reduce the mechanical properties of tim-

ber (Togni et al. 2013).

Ring shake: it is a discontinuity between

two consecutive annual rings that re-

duces the cross-section and affects shear
strength and modulus. In this work, it
was calculated according to UNI-11035-1/2

(2010), by measuring the distance be-

tween the pith and the ring shake.

* Decay and insect damages: presence and
extension of decay and insects attacks

Fig. 1- Fitted trend line 2.50E+07
using the first four
vibration frequencies. ~ 2.00E+07
1.50E+07
=
1.00E+07
5.00E+06
0.00E+00
0

447

were observed and recorded to identify
the real cross-section of each timber.
Other damages: since it is quite common
to observe damages (like holes) in old
timber caused by mounting and dis-
mounting operations, all of them were
recorded.

Checks: since the pith was always in-
cluded in the tested beams, checks ap-
pear as a consequence of the drying proc-
ess. Their extensions in the longitudinal
and transverse directions were mea-
sured.

Density: directly related to mechanical
properties and used for G calculation. All
the beams were measured and weighed
to calculate density as the mass to vol-
ume ratio (volume calculated by multiply-
ing the length for the average cross-sec-
tion measured at the ends and at 1/3 and
2/3 of the length).

Moisture content (MC): it was calculated
using gravimetric method on clear speci-
mens after testing timber at failure. Tab. 1
reports the MC range and variation. In
softwood species, MOE and G vary linear-
ly by about 1.5% and 2.2%, respectively,
every 1% MC below the fibre saturation
point (Wilson 1932). Therefore, no correc-
tion was applied to MOE or G. The quality
of the tested beams was strongly vari-
able, as when they were used, no stan-
dardized selection was made based on
quality. Thus, the sample contains beams
of good quality (high density, small knots,
no slope of grain) as well as beams of
poor quality (large knots and high slope
of grain, mainly) that are not suitable for
structural uses based on modern grading
rules.

The timber beams showed different con-
servation status. Only 24 were affected by
decay, for all of them the position and
extension of decay were recorded. Accord-

r’=0.9
0.2 0.4 0.6 0.8

ing to Gilfillan & Gilbert (2001) and Cruz &
Machado (2013), the effect of insect attack
was negligible. In this work, none of the
tested beams was affected by severe at-
tacks, and the attacks were limited to the
sapwood, as determined by visual inspec-
tion. Therefore, both research works de-
monstrated that for the investigated spe-
cies strength does not decrease consider-
ably, even when the level of the attack is
high.

Only 12 timbers presented ring shakes of
various extensions. Ring shake and checks
affect not only mechanical properties, but
also the mode of vibration in dynamic
tests. When the extension of such defects
is too large, the timber beams response in
flexural vibration is biased, the frequencies
of vibration change, the results do not con-
verge and those beams were excluded
from the analysis (see below).

Dynamic tests

Dynamic methods have been used in sev-
eral studies to evaluate G and for the simul-
taneous evaluation of G and MOE (Chui
1991, Divos et al. 1998, Larsson et al. 1998,
Khokhar 2011, Carreira 2012, Krdnitz et al.
2013, Olsson & Kallsner 2015). Those meth-
ods combine the reliability of the results
with the simplicity and rapidity required to
carry out the tests. Vibration test is a sim-
ple and efficient way to characterise the
elastic properties of timber; in fact, it has
been used since the ’80s for assessing tim-
ber quality.

Transverse vibration tests are based on
the resolution of the motion equations of
flexural vibrations. Different authors have
proposed various theoretical models and
solutions characterised by specific validity
ranges and accuracy levels (Brancheriau &
Bailleres 2002). In 1921, Timoshenko pro-
posed the differential equation for motion.
Different solutions were lately proposed by
Goens (1931), Rayleigh (1945) and Bordon-
né (1989).

Frequency equations allow calculation of
both G and MOE. Chui (1991) proposed a
method for the calculation of MOE and G
based on the first two vibration frequen-
cies. An alternative method to calculate G
based on the same vibration test was pro-
posed by Kubojima et al. (1996). In this
work, the Bordonne’s solution to Timo-
shenko’s model was adopted for the simul-
taneous calculation of G and MOE. The
same method has already been used by
other authors to calculate G and MOE
(Roohnia et al. 2010, 2012, Yavari et al.
2013). This solution can be applied only
when the length to depth ratio of the
beam is higher than 10 (the minimum ratio
of the tested beam is 15), which is applica-
ble in this case. This solution considers the
first 3 to 5 vibration frequencies of each
beam. For each beam, the equation system
is solved, and a pair of coordinates (Xn, yn)
are computed. The coordinates are re-
ported in a Cartesian coordinate system
and fitted with a trend line (Fig. 1), where
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the intercept represents the specific MOE
(MOE/p) and the slope corresponds to the
MOE to G ratio. In our case, four frequen-
cies were considered and four couple of
coordinates computed using the following
equation (eqn. 1):

__MOE MOE
P kG

where p is the density, k is the Timo-
shenko’s shear correction factor (0.83 for
rectangular and squared section), G the
shear modulus in vibration plane and MOE
the dynamic Modulus of Elasticity.

Only the regression curves with a coeffi-
cient of determination (r*) higher than 0.9
were used, as lower r’ indicates biased
mode of vibration; therefore, only 81
beams were considered in the study. The
excluded beams presented too much
extended and deep checks or ring shakes
or higher deformation.

All the beams were suspended by two
threads at their theoretical nodes (points
of zero vibration) and tested in free-free
flexural vibration (Fig. 2). Transverse vibra-
tion was induced by striking the beams
using a hammer in the direction of the
depth. A piezoelectric accelerometer (PCB
480E09°, PCB Piezotronics Inc., Depew,
NY, USA) was placed on the opposite part
of the beam to acquire the mode of vibra-
tion. The signal was processed by Fast
Fourier Transform (FFT), and the resonant
frequencies were identified using a Lab-
VIEW® software application (National In-
struments Corp., Austin, TX, USA). In this
paper, only the results concerning G and
MOE/G calculated using a dynamic tech-
nique are reported and discussed.

Results and discussion

Tab. 1 shows the average values of the
main physical and mechanical properties.
The average G was approximately 400
MPa; it has to be stressed that more than
50% of the beams had G value higher than
350 MPa (Fig. 3). Variability was quite high
(Cv=28%) as a consequence of the high
variability of the material itself. CV was
around 30% for both G and MOE. The mean
MOE/G for the tested material was 21 (mini-
mum 7, maximum 36).

Due to the characteristics of the tested
materials (structural timber of various qual-
ity and state of conservation), it is quite dif-
ficult to compare G to the results reported
in literature because it is usually obtained

Shear modulus of old timber
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Fig. 3 - Shear modulus (G) frequency distribution.

with very different conditions (new mate-
rial, small clear specimens, small unclear
specimens, static tests, dynamic tests,
etc.). In this case, it is much more suitable
to compare the MOE/G ratio obtained in
different research works based on the ap-
plication of dynamic tests (Tab. 2).

Kranitz et al. (2013) and Noguchi et al.
(2011) stated that aging has no significant
effects on MOE/G. Both works tested small
clear specimens of old wood oriented
along a longitudinal-radial direction (Nogu-
chi et al. 2011) and in longitudinal-radial/lon-
gitudinal-tangential direction (Krénitz et al.
2013). The authors reported significantly
different MOE/G (27 and 8, respectively).
This difference is a consequence of the dif-
ferent dimensions and orientations of the
tested specimens and also of the different
dynamic techniques used. These values are
also different from the MOE/G calculated
within this study for several reasons. In
structural timber, defects affect both G
and MOE, and structural timbers are usu-
ally not oriented along the main anatomi-
cal directions, but rather a mix of longitudi-
nal-radial and longitudinal-tangential direc-

tions, which justifies the larger variability of
the results.

Studies focused on materials with defects
report a MOE/G ratio closer to the out-
comes reported in this investigation. Chui
(1991), tested a mixed sample of clear and
unclear small specimens, reporting a MOE/
G = 23. Carreira (2012) tested logs of dimen-
sion closer to the materials used in this
research and reports an average MOE/G =
19. The MOE/G obtained here shows higher
variability compared to the Carreira’s re-
sults as a consequence of the characteris-
tics of the material itself. This author test-
ed highly homogeneous material (CV lower
than 10% for all mechanical properties) by
exciting it in the same anatomical direc-
tion. Olsson & Kallsner (2015) reported a
MOE/G in the range of 15-17 for Norway
spruce lumbers.

These results confirm that MOE and G are
affected by defects in different ways, as
previously reported by Chui (1991) and
Gupta et al. (2004). The effect of knots on
G is related to their number, position and
orientation, as reported by Gupta et al.
(2004) and Olsson & Kallsner (2015). The

Tab. 2 - Summary of previous experimentally obtained MOE/G values. (*): free-free flexural vibration test; (**): ultrasound velocity

test.

Authors MOE/G Type 3Pec1mgn Species

imensions

Chui (1991)* 23 small clear/unclear (new wood) 40 x 40 x 640 mm® White spruce
Noguchi et al. (2011)* 8 small clear specimens (aged wood)  =2.2 x 14 x 110 mm® Pinus densiflora
Carreira (2012)* 19 logs (new wood) 0.16 mg@ x2.25m Eucalyptus citriodora
Kranitz et al. (2013)** 27 small clear specimens (aged wood)  25-95 x 95-497 x 1230-2645 mm*® Norway spruce
Olsson & Kallsner (2015)* 15-17 lumbers (new wood) 44 x 145 x 3600 mm* Norway spruce
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importance of knots seems to be con-
firmed in this study, since the relationship
between knots and G showed the higher
correlation value between G and all the
timber features (r* = 0.11, p < 0.01), and the
knots were evaluated according to two vis-
ual grading rules (UNI-11119 2004, UNI-
11035-1/2 2010) that considered only the
largest one in a beam, without taking into
account their number, position and orien-
tation. Knots and MOE did not show any
significant correlation (r* = 0.003, p>0.05),
confirming that the MOE is not influenced
by local defects. Thus, knots seem to have
a greater effect on G than on MOE, sug-
gesting that using G to improve the bend-
ing strength prediction could be valid also
for old timber, as proposed by Olsson &
Kallsner (2015).

No relationship was found between G
and other timber features such as density,
slope of the grain, presence and extension
of ring shakes and wane. Additionally, MOE
and G did not show significant relation-
ships (r* = 0.07, p>0.05 - Fig. 4), as already
reported in the literature (Chui 1991, Olsson
& Kallsner 2015).

An improvement in the G prediction is
possible using knots and density as predic-
tors in a multiple linear regression (r’= 0.2,
p<0.01 — Fig. 5). This is because, according
to many authors (Chui 1991, Gupta et al.
2004, Olsson & Kaéllsner 2015), the driving
factors for G are density and knots. The
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multiple regression analysis confirmed the
results reported by Olsson & Kaéllsner
(2015), who used MOE and density as re-
gressors to predict G (r’= 0.39). Indeed,
they found that MOE was correlated to the
presence of important defects like the
quantity of knots and the slope of grain
that have important effects in increasing G.
The lower accuracy in predicting G ob-
tained in this study is likely due to the
larger variability of the old timber ana-
lyzed, as compared with the new materials
tested by Olsson & Kéllsner (2015).

Conclusions

Eighty-four old timber beams were dy-
namically tested by means of free-free flex-
ural vibration test. Applying the Bordonné
solution, both G and MOE were calculated
simultaneously.

The mean G for the whole sample was of
about 400 MPa, and the average MOE/G
was around 21, close to the value reported
in different papers for unclear specimens
and for new structural timber.

No relationships were found between G
and MOE (r* = 0.07) or between G and
other timber features (slope of grain, den-
sity, etc.). The relationship between G and
knots, though limited (r* = 0.11), seems to
confirm the results previously reported in
the literature. This suggests an important
effect of knots, their dimensions and orien-
tations on the G values that requires fur-

ther in-depth investigation. These results
are consistent with those reported in the
literature both for new structural timbers
and unclear specimens, confirming also
that G, like other mechanical properties of
wood, is not significantly affected by aging.
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