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ASSESSMENT OF STRENGTH AND STIFFNESS
VARIATION WITHIN OLD TIMBER BEAMS

Sousa H.S.!, Branco J.M.*, Lourenco P.B.’

ABSTRACT

The mechanical properties of timber elements vary significantly along its extent due to natural variability of
wood cellules and presence of defects. In this work, the variability of stiffness and strength properties of old
chestnut (Castanea sativa Mill.) floor beams with more than 100 years, was experimentally assessed and
mechanical properties were correlated. Visual inspection, non-destructive and destructive tests (bending,
compression and tension parallel to grain) were considered in different scales aiming to obtain reliable
information for predicting the mechanical properties of old timber elements by use of small clear samples
and defect concentration. For that purpose, the timber elements were systematically cut to smaller samples,
to minimize the presence of defects, and tested in each phase. Visual inspection evidenced large variability
in old timber elements' properties and proved to be qualitatively useful in predicting its performance,
although conservative for higher visual strength classes. Strong correlations between moduli of elasticity in
bending were found in sawn beams and boards (+* = 0.82-0.89), however with weak correlations to non-
destructive tests except for ultra-sound tests (+* = 0.51-0.87). The bending results in sawn boards revealed
that stiffness properties vary both in height and length of each beam in different proportions. Also variation
within an element was lower compared to the variation within the full sample. Density was found to be an
important parameter for properties correlations determination. Finally, knot area ratio was used to correlate
the influence of defects with stiffness properties of the existing timber elements.

Keywords: Timber structures, Experimental evaluation, Stiffness variation, Properties
correlations, Defect influence

1. INTRODUCTION

Along a timber element it is expected to find different natural defects which influence its mechanical
properties. Size, length and also the distance between different defects are parameters that will
condition the mechanical behaviour of the affected cross-sections and nearby sections. The properties
of wood located between defects (clear wood) are expected to correspond to both higher strength and
modulus of elasticity (MoE) and to present less variability compared to sections of timber influenced
by defects. Thus, it is not prudent to consider only the results of mechanical tests of small samples
without defects since its presence may largely influence the element's structural behaviour. In this
work, 20 chestnut beams were studied with resource to different types of tests and size scales, aiming
in analysing the influence of defects in timber elements regarding different scales and assessing the
correlations between non-destructive tests (NDT) with destructive tests (DT). For that purpose, the
timber elements were systematically cut in order to minimize the presence of defects and tested in
each phase. Particular attention was given to the MoE in bending and its variation.

2. EXPERIMENTAL CAMPAIGN

2.1. Test samples and testing sequence
The tested elements correspond to 20 old chestnut (Castanea sativa Mill.) beams obtained from
a construction site located in North Portugal. They served as structural floor beams supported, in both
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endings, by granite masonry walls. The elements are over a century old (beginning of the XX century)
and were replaced due to remodelling of the building. The length of the elements varied between 4 to
6 m with mean value of 5.3 m and coefficient of variation (CoV) of 11.8%. The floor consisted in
a traditional structural solution with wooden boards connected to the top surface of the beams by iron
nails, which due to its age were corroded and started to affect the nearby wood. The experimental
campaign was composed by four main phases, regarding the size scale of the elements (Fig. 1).
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Fig. 1 Samples used for each test: a) original beams; b) sawn beams; c) sawn boards; d) compression tests;
e) tension tests; f) density and moisture content measurements

Phase 1 dealt with visual inspection and grading of the old beams [1-3] complemented with NDT
(penetration impact and drilling resistance). In phase 2, the beams were cut to 7 x 15 x 300 cm’
samples without superficial decay, and defects were accounted in 7 consecutive segments of 40 cm.
Then, 4 point bending tests [4] were made to each beam obtaining local (£.,)) and global (£., ) MoE
in bending whose differences are described in [5]. The timber beams were assessed, before and after
the bending tests, by ultra-sound pulse velocity tests (UPV) in indirect method on each segment's
bottom and lateral faces. In phase 3, the undamaged beams were sawn into 3 boards with
7 x 4 x 300 cm® (48 boards), visually inspected and assessed by NDT. To each segment of each
board a 4 point bending test was made to assess the variation of MoE along the element's length
(336 tests) (Fig. 2). In phase 4, clear wood samples were considered for compression, tension
parallel to grain tests and to density and moisture content (MC) measurement. For each beam, 3
compression, 6 tension and 3 density samples were taken and UPV tests were made. DT were made
with displacement control, obtaining MoE and ultimate strength. To calibrate the NDT, reference
tests were made in areas without visual indication of superficial decay. For NDT the considered
parameters were the resistographic measure, RM, for drilling resistance (ratio between area of the
resistographic diagram and height of sample), penetration depth, dy;, for impact penetration and
propagation velocity, v,, for UPV. The v, of a material may be related to the static Eg, and the
dynamic E4y, MOE, through Equation (1) [6]. The relation between Ey, and Egy (Egyn > 0.90 E,)
may be explained by wood’s viscous-elastic behaviour [7].

Esta:K'Edyn:K'vpz'p (1)

where: p = density, K = proportionality constant dependant of the timber specie. Density and MC tests
to the samples after stabilized (in climatic chamber under conditions of 20°C and 59.6% RH) [8-9].
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Fig. 2 Location of the sequential bending tests per board: a) visual inspection segments; b) gauge length for E,,
(in shade); c) gauge length for E,, , (in shade)
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2.2. DATA ANALYSIS AND RESULTS

2.2.1. Phase 1: old beams

After removed from the building, the timber beams were marked A to T, visually inspected, graded
[1-3] and assessed by NDT. For each 40 cm segment the beams were graded in order to define critical
sections and to evaluate the variability of visually assessable properties along their length. Visual
inspection is one of the first and most important step in a structural diagnosis and should be carried out
with aim to study both causes and future consequences of the problem. The Italian norm [3]
methodological approach consists in visual inspection combined with NDT for diagnosis of the
conservation state and estimation of the mechanical properties of structural wood in cultural heritage
buildings. For strength grading, this norm considers three classes (I, II and IIl) regarding onsite
diagnosis. Data is gathered to define the general state of the structure and, different evidences of
structural pathologies are documented and classified according to its extent and severity. In this study,
the most commonly found defects were knots and misalignment of grain. The ends of the beams were
quite decayed, whereas a more superficial damage was found along their length (Fig. 3).

Fig. 3 Defects and anomalies found in the timber elements: a) deterioration of internal fibbers by xylophagous
insects; b) decay by fungi; c) superficial attack of xylophagous insects; d) knots and grain misalignment

Also chamfering of the elements was found, more due to the initial sawing process rather than to loss
of cross-section integrity. In phase 1, the segments were visually strength graded considering as main
features the knot incidence and slope of grain, and omitting the parameters originated by external
damage (structural or environmental). This process intends to obtain the mechanical properties related
to the material itself and its defects rather than to the state of conservation, which may be assumed by
the reduction of the effective cross section [10]. In [11] the knot incidence and slope of grain were also
considered as the most important influencing parameters and those that lead to more significant MoE
reduction. Also in [12] it is stated that knots are by far the most important defects in the reduction of
visual grading, being quite significant in the case of thick elements, like beams. Aiming for
a consistent and comparable indicator between phases, visual inspection was redone to the beams after
being sawn into regular straight elements and to each set of three sawn boards, being the results of the
visual inspection for all phases presented, for better comparison, in Fig. 4.

=
o
o

~
(%

% of segments
g

N
«

E

A CE G | K MO Q S ABCDEFGHJJKLMNOPQRST ABCDEFGHI JKLMNOPQRST
old beam element (phase 1) sawn beam efement (phase 2?" sawn board elements (phase 3)
ol ol |l BNC

Fig. 4 Percentage distribution of segments included in each class of the visual inspection [3], for phases 1 to 3

Complementing the visual inspection with NDT results permitted to verify that the decay found along
the span of the timber beams was mainly superficial, since the d; between visible decayed and
undecayed segments had only an average increase of 1.1 mm. Drilling resistance tests made to the
segments near the endings of the beams denoted that even if the outside layer presented poor visual
condition the core of the element was still in good conditions and without significant voids.

2.2.2.  Phase 2: sawn beams
After visual inspection, UPV in indirect method was made on each segment. The mean value of v, for
all beams was 4846.5 m/s in bottom face and 4821.6 m/s in lateral face with CoV of 8.6 and 6.6%,
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respectively. The average of the CoV for the measurements in each beam was 6.3 and 4.9%,
respectively for bottom and lateral faces. The decrease of the variation between the measurements of
all beams and measurements within a same beam, represent an increase of variation when assessing
different timber elements, even from the same structure and timber specie. The average difference
between v, in bottom or lateral faces was less than 10%. All beams were then submitted to bending
tests in elastic regime to obtain Ey,; and Ey, .. Four beams were tested until failure (beams H, L, P,T).
A mean value of 10841 N/mm? was found for Eypand 10940 N/mm? for Eng (CoV =25.3% and 22%,
respectively). Similar CoV for MoE is suggested in [13] although for softwoods, whereas in [14]
a CoV between 9 to 23% may be found for MoE in bending of small clear wood specimens. However,
it must be noted that variation is lower for small clear specimens and highly depends on the source of
information reliability. Also the correlations between properties are higher for small clear specimens
and lower for large members [15]. A strong correlation is found between E.,; and Ey,, (* =0.82).
Also, it is visible that more than 50% of the values of both MoE are distributed within [9;13] kN/mm?®.
A mean bending strength, fi, of 23.11 N/mm’ (CoV = 10.5%) was found (f;, peamn = 23.66 N/mm’;
Jm beamL = 19.53 N/mm?; Jm beamp = 24.58 N/mm?; Jm beamt = 24.69 N/mm?). Visual inspection proved to
be correct in assessing qualitatively the four beams. Beam T presented higher f;, than the remaining
three beams, consistent with the previous visual inspection where beam T had higher percentages of
visual classes I and II. On the other hand, the beam with lower f;, (beam L) had the higher percentage
of NC sections. In all cases, the beam failure initiated in a segment with higher percentage of defects.
After the tests, UPV was redone in the beams that were not taken to failure, obtaining no significant
differences with the prior UPV (<10% mean difference), thus confirming that the tests were made in
the elastic regime without inducing damage to the elements. Then, Eg4y, (considering Pmean) wWas
compared to £y, regarding the segments within the respective gauge length. Through the analysis of
the results it was found that different ratios K = E4y, / E) were found for two groups. A group with
75% of the beams (G1) evidenced a mean K = 0.86, whereas a second group with 25% of the beams
(G2) evidenced a mean K = 0.56. Considering separate groups in the comparison between Eq4y, and
E.,,, strong correlations were found and also it is evidenced that the linear regression lines of the two
groups have similar inclinations, denoting two results clusters (Fig. 5). Although from the same wood
specie, its origin and conditions of growth were unknown, which may account to the found
differences. Regarding these results, the correlations between different scales are also referred to each
group separately.
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Fig. 5 Correlation between Ey,) and Egyn in phase 2

2.2.3.  Phase 3: sawn boards

After visual inspection, UPV tests in indirect method were made on each segment. The mean value of
v, for all boards was 4861.5 m/s. A decrease of variability was found when assessing smaller size scale
elements, such that the CoV between the measurements of all boards equals 8.4%, the CoV of
measurements within a same set of three boards (a beam) equals 6.9% and the CoV of measurements
within a same board equals 6.3%. Then, all sawn boards were submitted to bending tests in elastic
regime in order to obtain Ey,; and Ey,,. The results are given in form of histograms and cumulative
distribution functions in Fig. 6. A mean value of 12190 N/mm?* was found for En) and 11661 N/mm?
for £y, with CoV approximately of 30% and 23%, respectively. The values given by segments for
a given beam were averaged and a strong correlation is found between Ey,; and E,, , (r2 =0.89). This
correlation is stronger than the correlation when analyzed the values given in the full size beam
bending tests. Also, it is visible that more than 50% of the values of both MoE are distributed within
the range [10;16] kN/mm’. The measurements also revealed that stiffness properties vary in height and
length of each beam in different proportions, being the variation higher when higher concentration of
knots were found, such is shown in Fig. 7 where for segment 4 of the bottom board of beam J,
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a significant knot lead to a decrease in v, and MoE. The mean CoV of measurements made to the same
segment of each set of boards (variation in height) is equal to 20.1% and 15.7%, respectively E,,; and
E..,, whereas the mean CoV of measurements made to all segments of a given board (variation in

length) is slightly higher being equal to 25.8% and 17.9%, respectively Ey,; and E, ,.
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Fig. 7 Variation by segments and boards, in beam J, of: a) v,; b) Ev; ¢) Enq (sections spacing = 40 cm)

Among natural defects of timber, knots are considered as the most conditioning parameter for grading.
The downgrading is most likely caused by the combination of local grain deviation (most significant)
and reduction of clear wood area [16]. Its influence is assessed by several criterions such as the knot
area ratio (KAR), which considers the knot incidence within the cross-section area. The geometry of
a knot is approximated to a cone radiating from the pith, thus KAR can be computed considering the
projection of the cone on the correspondent cross-section. This is generally possible in relatively thin
boards, in the case the knot is visible on two faces of the element, or conversely in un-sawn timbers or
large scantlings including the pith [12]. In this work, segments without knots or with minor knots
(minor diameter < 5 mm) were not considered, also within a segment the KAR of the most critical
isolated and/or cluster of knots was considered to a maximum of 100%. Figure 8a presents the
correlation between KAR and E.,, for each segment of sawn boards. A median correlation was
obtained (+*=0.42), but it is visible that when KAR increases E., tends to decrease (inverse
proportionality). Figure 8b presents the difference around the average of KAR and E,,, such that
coordinates (0,0) correspond to mean KAR and mean E,,, and positive values correspond to an
relative increase of that parameter while negative values to a relative decrease. Therefore, in the
second quadrant (2Q) a decrease of the KAR leads to a increase of the £y, , around the means and vice-
versa for the fourth quadrant (4Q). In this analysis the first and third quadrants (1Q and 3Q) would
correspond to a direct proportionality between parameters and thus were not considered. Nevertheless,
since the exclusion of 3Q represents a potential unsafe case, the probabilities that define sample x in
that quadrant are calculated (Fig. 8b). Notice that the results produce a strong correlation between
KAR and E,,, and that the regression line includes the coordinates of the mean values (0,0).
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Fig. 8 Correlation of £y, ; and KAR in phase 2: a) all measurements; b) values of 2 and 4Q around the mean

NDT made to the segments of sawn boards lead to weak correlations (+*< 0.07). Although still low,
correlations were found stronger when considering the mean values per board and tests made
perpendicularly to the lateral face (Table 1). For all measurements mean d,; = 8.3 mm (CoV = 14.6%)
and RM = 302.4 bit (CoV = 10.4%) were found. The average values of d,; between lateral and bottom
faces were similar with a minor increase of 0.3 mm for the bottom faces.

Table 1 Correlation between NDT, d,; (mm) and RM (bit), and MoE (N/mm®) in phase 3

correlation penetration impact tests drilling resistance tests

NDT [ dyi o= 0.6500 - diyy oy + 2.6625 (¥ =0.56) | RM;, = 0.7183 - RMyo+ 75380 (i = 0.70)
Eny  |Eny=-1571.9 - dyy 15+ 256853 (¥ =0.25) | £, = 69.967 - RMy, — 79309 (¥ =0.38)
Eng  |Epn,=-14194- dyj 1 +23095.8 (©=030) £ —60337-RM,, — 64158 (¥ =0.41)

2.2.4.  Phase 4. small clear specimens

Compression and tension parallel to grain tests were made and the results are presented in Table 2.
Also density and moisture MC were determined. The results show a smaller variation within the same
beam compared to the variation of all samples, as already evidenced in the previous test phases.
Different types of failure modes were observed for the parallel to grain tests and regarding those
failures an analysis of variance (ANOVA) was made. For characterization of failure in the
compression tests the following failure types were considered: crushing, wedge splitting, shearing,
splitting, crushing and splitting and brooming. In tension tests the following were considered:
splintering tension, combined tension and shear, shear and brittle tension [17] considering also failure
in the gripping area or due to defects. Regarding a single-factor ANOVA and a confidence level of
95% a non-significant variance in E¢o or f.o was found, however E,y and f;, revealed a significant
variance between the different failure modes (F' > Fi and p-value <5 x 10'2). The correlations
between properties tested in phase 4 are presented in Table 3 considering the samples location in the
beam, whereas in Table 4 the correlations are given for the mean value of a property within a beam.
The overall correlations are weak to moderate, however it is found that stiffness properties are better
correlated than strength properties. Density correlations are only presented in Table 4 since significant
correlations were only found for mean value per beam, mainly in G1.

Table 2 Results of mechanical tests in phase 4

CoV (%) CoV (%)
Property mean Property mean
all  beam all beam

Vp,ind 4887.4 9.7 7.9
Vpind 41928 3.7 2.6

Eo, 12783 129 80
fio 7348 267 247

Compression // to ~ Vp.dir 52186 3.9 2.6 Tension // to
grain (N/mm2) Eeo 12621 15.7 11.6 grain (N/mm2)

fio 4299 172 152

Density (kg/m®)  p, 57116 79 55 MC (%) MC 1221 81 38
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Table 3 Correlation per sections between stiffness and strength (N/mm?) tested in phase 4

Properties Total Properties Total
(same test) sample Gl G2 (distinct tests)  sample Gl G2
a=10.0023 a=0.0026 a=0.0023 a=0.6034 a=0.4954 a=0.5982
feo=E.path b=1385 b=8.12 b=13.58 Ey=FE.patb b=49657 b=6472.8 b=5058.5
=038 rF=049 F=0.11 #=023 F=0.18 r=0.61
a=0.0068 a=0.0087 a=0.0060 a=0.7408 a=1.6571 a=0.4042
fio=Eatb b=-13.65 b=-3744 b=-3.51 fio=Jfeoath b=3996 b=2.69 b=5548
#=030 =025 =036 #=008 F=0.03 =034

Table 4 Correlation per beams between stiffness, strength (N/mm?) and density (kg/m’) tested in phase 4

. . Total
SStIii';'lr%et:s/ s::l)lt;lle Gl G2 with Density sa:l)lple Gl G2
a=0.0016 a=0.0032 a=0.0015 a=11407 a=9243 a=11.821
fio=E.yatb b=2346 b=128  b=23.95 Eeo=piyath b=61055 b=71862 b=6044.9
#=022 F#=0.09 #=032 #=010 F#=0.29 #=0.09
a=0.0078 a=0.0116 a=0.0060 a=0043 a=0.168 a=0.030
fio=Eath b=-2651 b=-7352 b=-421 feo=pratb b=18.631 b=-57.890 b=26.824
#=053 F#=087 =036 #=013 F#=090 =0.08
a=0.5674 a=03252 a=0.6148 a=1627 a=3591 a=1578
E=E.cath b=5459.5 b=8703.5 b=48449 | E,=pyatb b=33273 b=-9091.5 b=23903.5
#=037 F#=085 =033 #=017 F#=054 =019
a=1.8584 a=25817 a=12555 a=0.146 a=0468 a=0.103
fio=ficath b=-8.65 b=-3853 b=1835 fio=prrath b=-11.88 b=-209.02 b=14.67
#=029 #£=056 r=0.13 #=012 F#=059 =0.08

2.2.5. Correlation between phases

With respect to visual strength grading of the original beams, over conservative values were found
compared to the results obtained in the DT of phases 2 and 4. In phase 3, it was found that the samples
of segments classified with different visual classes presented a significant variance in a single-factor
ANOVA. Also the mean value of MoE in a given sample tended to decrease in correspondence to
a decrease in visual grading class. In the case of £, decreases between the mean value for classes I of
6, 21 and 27% were found respectively to classes II, III and NC, similar to the values given in [3],
whereas to E, decreases between the mean value for class I of 9, 16 and 36% were found
respectively for classes II, III and NC. Regarding density variation it was found that the number of
samples is relevant, since the consideration of ppcan per global set of the 20 beams produced different
values of correlation when considering the pme. per beam or per region. For full size beams or boards
the Pmean regarding all 20 beams produced better correlations, whereas the ppean per beam produced
better correlations for the tested clear samples. Nevertheless, it was found that it is advisable to use the
Pmean Of three measurements of density per beam even regarding the clear samples. In terms of non-
destructive testing and considering Eg, and Eqy, for each test phase, sample G1 evidenced stronger
correlations than the other samples (Table 5).

Table 5 Correlation between Eg, and Eqy, for phases 2 to 4

Phase E, correlated with Eg4y,
2 En=1.053 - Egyn—2427.1 (¥ =0.70) | Eng= 1.189 - Eg, — 45104 (¥ =0.76)
3 Emi=1.579 - Eqpn— 8559.2 (¥ =0.82) | En,=1.147 - E4 39802 (¥ =0.87)
4 E.0=0.939 - Eg, 19169 (¥ =0.51) | E,=1384-E4, 10175 (' =0.67)

In bending tests, the mean values of all sawn boards measurements are higher than the equivalent
values obtained for sawn beams. The biggest difference is observed between E,,;, with larger CoV in
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the case of sawn boards. This is an expectable result since the gauge length for the determination of
E.,, for the sawn beams included all the gauge length of the E,,, for the sawn boards, whereas the
gauge length for the £\, of the sawn beams only considers segments 3, 4 and 5 of the sawn boards.
Considering the mean value for that segments, a Ey,; of 12721 N/mm’ is obtained which is closer to
the value of the E,, for the sawn beams. Nevertheless, even comparing the equivalent segments in
terms of gauge length measurement, the values of stiffness for the sawn boards are 18% and 7%
higher, respectively, £y, and E,, ,, compared to the sawn beams. This increase of stiffness may also be
explained due to the lower influence of defects in the global behaviour when the beam was divided
into boards, resulting also in a higher CoV due to the higher difference obtained between segments
with and without defects. Moderately strong correlations were found between the results of phase 2
and 3 regarding MoE, being the correlation between E,, , higher than between £y, (0.71 > 0.66), even
if only considering segments 3 to 5 in the analysis of £, per mean group of boards (Fig. 9).
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Fig. 9 Correlation of bending tests in phase 2 and 3: a) between Ey,,;; b) between £, ,

3. CONCLUSIONS

Aiming to analyse the stiffness and strength variation in 20 chestnut timber beams, correlations within
and between different size scale samples were established. These correlations were complemented
with information of visual strength grading. A considerable test campaign (divided in 4 phases) was
made in order to assess the mechanical properties of the elements and to provide a suitable strength
grading. For that purpose, different tests in different scales were made to analyse the influence of
defects in local and global behaviour of the timber elements. In the experimental campaign, it was
concluded that visual inspection by segments may reveal large variability in the properties of existing
timber elements along its length. Also the consideration of knot incidence and slope of grain, as main
features, lead to comparable results between experimental phases (in terms of percentage of segments
in a given class). Visual inspection was also useful for qualitatively predict the performance of the
timber elements, since elements with higher NC percentage had lower values of MoE despite it proved
to be conservative for the elements with higher class I and Il percentages and low NC percentage.

In phases 2 and 3, strong correlations between Ey,; and E,, were found (r2 =0.82 in beams and
#* =0.89 in boards). However, the MoE mean values of all sawn boards bending tests measurements
were higher than the equivalent values obtained for the sawn beams, likely due to the isolation of
defects in smaller segments of timber. The bending results in sawn boards, besides permitting a better
definition of defect influence in stiffness and strength by NDT and DT, also revealed that the stiffness
properties vary both in height and length of each beam in different proportions, being the variation
higher when a larger concentration of knots was found in one of the boards. The variation in length
was found to be slightly higher than the variation in height. Also the variation within a same element
was found to be lower compared to the variation within the full sample.

KAR was used to assess the influence of defects, obtaining a moderate correlation with Ey,,
(* = 0.72), regarding an inverse proportionality between those parameters around their mean values.
Correlations between NDT and mechanical properties were found to be weak, except for the ultra-
sound tests. Different sample groups were considered regarding correlations with Egy, to provide better
correlations evidencing that, even within the same timber species, NDT must be calibrated to the
members in study. Therefore, the results obtained in this work are applied to the material in study,
moreover, can be used as reference for historical structures with chestnut beams where no prior
information is available. Eg,, was correlated to the stiffness properties found in phases 2, 3 and 4 with
moderate to strong correlations (+* = 0.51 — 0.87). The results evidenced that NDT results are better
used for determination of stiffness rather than strength, and that the consideration of small clear
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specimens can only be used to assess the mechanical properties of full-scale beams when considered
together with analysis of a visual inspection where defects and deterioration are accounted for.

Due to density variation it was found that the number of samples to be taken is relevant. For full size
beams or boards the mean density regarding all 20 beams produced better correlations, whereas the
mean density per beam produced better correlations for the tested clear samples.

The correlations and findings gathered in this work present a first step into the construction of
a hierarchical model based on the variation of mechanical properties within different scales of an
existing timber element.
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