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static modulus of elasticity [GPa]
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standard error



1 Introduction

The non-destructive testing of wood has decadelisibry. From
very early on, research projects usually aimedhatestimation of strength
properties. The goal of the non-destructive testirfigsolid wood is to
measure quickly and precisely the parameters &f twdumbers that are in
connection with the mechanical properties. Thesgsiphl features,
sometimes referred to asn-destructivgparametersthen can be related to
strength and elasticity via mathematical, statdtionodels with good
accuracy.

1.1 Objective

The general research objectives included the etratuand selection
of those non-destructive parameters that havettbagest influence on the
static bending strength and modulus of elasticitjus, based on the
measurements of these parameters the estimatistresfgth and stiffness
properties with the possible highest precision tmapchieved.

During the course of the project, | have performed-destructive
and destructive tests on 1307 pieces of coniferepecimens. The
characteristic dimensions of the sprudgicéa abiey and larch I(arix
decidug planks were 5x10 cm in cross sections and 2 -ifblength.

The measured parameters included growth ring streictelated
measurements: such as average growth ring widthnaadmum growth
ring width. Additionally, several knot parameteitsel knot area ratio, knot
area ratio on edge, knot diameter ratio, knot ditameatio on edge were
also assessed. Furthermore, different vibratiorquieacies helped to
evaluate the dynamic moduli of elasticity, dampidgaracteristics and
densities. After measuring the non-destructive ipatars, we performed a
4-point proof load test measuring the static mosludil elasticity and the
bending strength according to MSZ EN 408.

1.2 Actuality of the Subject

From 2010, instead of the Hungarian standard MS2235Design
of load bearing structures of buildings in Hungamyje timber structures
have to be sized and designed according to EuroBddeesign of timber
structures) that is already in force.



Eurocode 5 specifies the use of strength gradedtstal lumber and
the grading follows the recommendations of the MEY 338 standard.
Since 1994 MSZ EN 338 is a naturalized standardingary, andt has
been modified several times. The current versios pablished in 2010.
The MSZ EN 338 standard divides wood species wtodroups: group C
includes coniferous species and poplars. Group @udes deciduous
species, within which the standard determines wdiffe strength classes. It
significantly differs from the present Hungarianagtices, as the ‘old’
Hungarian standard differentiates 3 wood spec@®s lensity angiosperms,
high density angiosperms, gymnosperms) and 4 gtrecigsses (0, I, I,
[l), while the ‘new’ European standard differeméia 2 groups of wood
species (C and D) and 12 strength classes in gtoapd 6 strength classes
in group D. Therefore, the developed data base midydesigners to
conform the new standard.

2 Materials and Methods
2.1 Materials

During my measurements, | differentiated 3 groupsoeding to
species and growth areas. The groups were as fllow

Group [: spruce from Slovakia
Group Il: larch from Russia
Group lll; larch from Slovakia

Table Table 2. contains the specifications of lumbers involved in
the investigations.



Table 2.1: Division of Specimen Groups

Cross- Length Species Growth Number of specimens [pcs]
section (cm) | [m] area Non-destructive | Destructive
I 5x10 2 spruce Slovakia 432 432
Il 5x10 2 larch Russia 432 432
5x10 2 143 143
5x10 4 41 0
. 5x10 4 larch Slovakia °1 51
7,5x15 6 50 0
7,5x15 3 100 100
10x10 4 58 58
Total: 1307 1216

Source: own design

Out of the evaluated 1307 specimen, 1216 weredefdstructively
as well. The difference in humbers is due to thatder in line 4 and 6 of
the table were of 4 and 6 m. First | performed destructive tests on the 4
and 6 m long specimens, then cutting them into twepeated the non-
destructive tests, and finally | performed the istaheasurements. It was
necessary for examining the size effect. In alesake materials were sawn
planks or beams in cross sections.

2.2 Non-destructive Measurements

The non-destructive testing and evaluation incluttesl following
procedures, measurements and visual assessments:

dynamic modulus of elasticity calculated from bedi
vibration in mode number 1

dynamic modulus of elasticity calculated from Idndinal
vibration in mode number 1

logarithmic decrement

different knot parameters

(0]

(0]
(0]
(0]

knot area ratio (GTA)

knot area ratio on edge (SZGTA)

concentrated knot diameter ratio (CKDR)
concentrated knot diameter ratio on edge (SZCKDR)



2.3 Destructive tests

Destructive tests were performed for:
» static modulus of elasticity
* bending strength
The determination of bending strength and modulfi®lasticity
happened by 4-point bending, according to the §pations of the MSZ
EN 408 standard.

3 Summary of the Results

The ultimate purpose of my research was to determtne
mechanical properties of the lumber by non-destrectmethods as
precisely as possible. Furthermore, finding thet laégorithms to measure
and to estimate these properties were also targdteel most important
parameters among the mechanical properties arenttilus of elasticity
and the bending strength for structural designatigically analysed the
measured data using the STATISTICA software ancerdehed those
formulas that resulted in the best correlation tnedsmallest standard error.
Groups inTable Table 21 were separately investigated. In this Theses-
book, only the best estimating/predicting formwdas discussed.

3.1 Results of Group I

Group | contained 5x10 cm cross-section and 2 g gpruce planks
from Slovakia, having13+2% moisture content.

The best model for estimating the static moduluslasticity was
provided by using the dynamic bending modulus afsttity and the
damping, according to the equation below:

Eprecicted= 0,863 bend1MOE — 0,043Damp. + 2,512 [3.1]

The relationship between the estimated and the umedsstatic
modulus of elasticity can be seen Bigure Figure 31. The standard error
of prediction was of 0,51 GPa.



Relationship between estimated and static MOE

18

R? =0,9499
16
14
g
=)
w 10
o
s 8
L
] 6
Ny
2
0
0 5 10 15

Estimated MOE [GPa]

Figure 3.1: Relationship between estimated anéstaidulus of elasticity
Source: own design
The best formula for approximation of bending sitbs from the
non-destructive parameters turned out to be asvist|

Opredicted= 2,946bend1MOE — 16,10BAR — 10,42KARE —
— 0,547Damp. + 29,760 [3.2]

Figure Figure 32 shows the relation between the estimated and the

actual bending strength. The detected standard efrorediction was 6,82
MPa.



Relationship between estimated and the measured
bending strength
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Figure 3.2: Relationship between estimated and unedsending strength
Source: own design

3.2 Results of Group II

Group Il contained 5x10 cm cross-section and 2 ng l®ussian
larch planks, conditioned similarly to that of gpoluto 13+3% MC.

For this group, the best prediction model of thetistmodulus of
elasticity involved the dynamic bending modulus edésticity and the
CKDR. The resultant regression equation is as\iglo

Epredicted= 0,937+ bend1MOE — 1,683CKDR + 0,536 [3.3]

Figure Figure 33 shows the relationship between the estimated and
the static modulus of elasticity in bending. Thenstard error of prediction
was about 0,75 GPa.
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Figure 3.3: Relationship between estimated anétstaidulus of elasticity
Source: own design

The equation, to approximate the bending strengtiiudles the
bending vibration parameter with the following form

Opredicted= 3,909bend1MOE — 43,676KDR + 10,191 [3.4]

Figure Figure 34 shows the relation between the estimated and the
actual bending strength, with 11,62 MPa standamat ef prediction.
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Relationship between estimated and measured bending
strength
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Figure 3.4: Relationship between estimated and unedsending strength
Source: own design

During the next step, for practical reasons, thmpgist (one
parameter) linear regression models were developlee.simplification is
justified by fact that the results of the dynami®©H® (longlMOE) single
factor models are close agreement with the “besitlels’ predictions. The
determination of longIMOE is quick and does not ureg involved
calculations and transformations of data. In thext neection the
comparisons of two species groups are based oa g equations.

3.3 Comparing Group I and II

Analyses of data revealed that the average streargthMIOE values
of Russian larch are higher than that of Slovaldpruce. However, this
statement is valid only for the average values. dVerall relationships are
demonstrated in Figures 3.5 and 3.6.
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Relationship between estimated and the measured modulus of
elasticity of spruce and of larch
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Figure 3.5: Relationship between estimated andnt@sured modulus of elasticity
of spruce and of larch
Source: own design

In Figure Figure 35 E,,. and Egss represent the linear regression
equations for modulus of elasticity of spruce amath, respectively. These
linear models (Egs. [3.5] and [3.6]) were as fokow

Eqpee = 0797110ngIMOE + 1520 [3.5]

E,. = 0859[10ngIMOE + 0317 [3.6]

Ewc £ Oz and Eswss £ O are the distances of + 1 standard error

from the predicted values. The valuesogf for spruce and larch are 0,657
GPa and £0,911 GPa, respectively.

The diagrams start from 5 GPa, because | plot theeg only
throughout that domain in which | performed measwnts (5-21GPa). The
interpretation of the graph is justifiable from th&sPa value. The MSZ EN
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338 specifies that structural wood having less tharGPa MOE is
substandard and needs to be rejected. The devipttterns are partly
covering each other. In addition from 7 GPa thdedince of the two
estimated values is only 0,77 GPa, which is covérethe error of the two
estimates. Moving towards the higher values thdéedihce of the two
values practically disappears.

The estimated bending strength values demonstsatgthr patterns
(Fig. 3.6).

Relationship between estimated and measured bending strength of
spruce and of larch
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Figure 3.6: Relationship between estimated and unedsending strength of spruce
and of larch
Source: own design

O @ndOysssin Figure Figure 36 represent the equations [3.7] and

[3.8] for predicting the bending strength of smuand of larch,
respectively:

O grice = 309610ndIMOE- 0306 [3.7]

spruce

O e = 4,8827[10ngIMOE — 13306 [3.8]
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Similarly to that of MOE, G, = O and Owes = Ox are the
distances of £+ 1 standard error from the predictaldies. The numerical
values are £7,760 MPa for bending strength of spard +14,056 MPa for
larch.

Again, | determined both equations by linear regjoas analysis,
using only the modulus of elasticity calculated nirahe longitudinal
vibration (i.e., longlMOE). Likewise, plots deal tvi the 5-21 GPa
independent variable domain. The deviation patteares covering each
other well enough, here too. In case of highemgite values they slightly
deviate from each other, but this value is stdide the margin of error. The
highest difference between the estimated values doeexceed 12 MPa.

According to the MSZ EN 338 standard, conifers bgldo one
group (group D). However, the machine stress ratingtructural lumber is
regulated by the MSZ EN 14081standard. The spatifios require the
evaluation of several hundreds of specimens byispemd growing sites.
Thus, the grading is very expensive, because &das the tests results of
more than a thousand specimens.

During this research two different species fromesalvgrowing sites
were examined. Results confirmed that the develgpediction equations
do not differ significantly.

3.4 Results of Group III

In Group ll, | tested planks and beams of différeross-section
and lengths at 12+4% MC. The purpose of these atiahs was to
investigate the size effects on structurally dinemsd elements. Table
Table 21 contains the sectional dimensions and sample .siZée
comparison of small scale (5x10 cm and 2 m) angtstral size beams and
lumbers may have significance in safe and econdesign.

First, the non-destructive parameters were assessefull size
elements, followed by destructive static bendinge ™4 and 6 m long
specimens were cut half in length, measured foathja MOE, that were
calculated from the longitudinal vibration (long1lM{pfor both prior and
after halving. The bending strength and MOE weressed in accordance
with the relevant standard on the half-length specis. Because the full
size specimens were not tested destructively, §mamic modului of
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elasticity were compared. Results of these analgsesepresented by the
box-plot diagrams (Fig. 3.7).
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Figure 3.7: Mean, deviation, minimum and maximunthaf mechanical properties
Source: own design
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The upper and lower margins of the boxeEigure Figure 37 show
the deviation around the mean, the thin lines shb& minimum and
maximum values. Numbers in parenthesis denote sasigss.

Results confirmed that no size effect exists amtrg examined
length and cross-sectional dimension for Slovakaneh. The measured
mean values are very comparable and the spreadtafigl similar to each
other.

This encourages the use of mechanical propertiefermdined on
short and smaller cross sectional specimens, duheglesign of full size
structural elements.

4 Summary

Throughout the course of my research, | have pewdr non-
destructive and destructive measurements on 138depiof spruce and
larch planks and beams of different cross-sectiomd dength. The
characteristic dimensions were 5x10 cm cross seatial 2 m length.

The measured parameters included — among other®wilgring
structure related measurements such as the satallerage growth ring
width, maximum growth ring width, several knot parters such as the so-
called knot area ratio, knot area ratio on edget ktiameter ratio, knot
diameter ratio on edge, dynamic moduli of elagticitetermined by
different vibration frequencies, so-called bendirand longitudinal
vibrations, damping, moisture content and density.

Among the determined indicators damping (logarithihécrement)
and Knot Area Ratio on edge introduced by me weo®qd to be the best
estimate parameters. Using the best prediction dtanthe static modulus
of elasticity was forecasted with a standard enbe0,51 GPa and the
bending strength of 6,82 MPa in case of sprucee $tatic modulus of
elasticity was estimated with a standard error@¥%s GPa and the bending
strength of +11,62 MPa in case of larch.

Additionally, the results of this research confidnihat the data of
the tests on real size smaller specimens (5x10ross<section, 2 m long)
can be used on larger cross-section and lengthedis(5%10 cm cross-
section, 4 m long; 7,515 cm cross-section, 3 and &ng; 10x10 cm
cross-section, 4 m long). The size effect provelbemedgligible.
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One of the noteworthy outcome of this work is tthe determined
formulas to Siberian larch and Slovak spruce dodeetate from each other
significantly, so combining the species accordiogtSZ EN 338 (that is
every softwood species belongs to one group — G@)ug reasonable, but
the requirement of MSZ EN 14081 that specifies tifferentiation
according to species and growth area seems tosabstantiated.
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5 Theses
1. thesis

| derived an empiric formula to estimate the statiodulus of
elasticity Eprediced- | found that besides the dynamic modulus of gt
calculated from the frequency of bending vibrationmode number 1
(bend1MOB, the logarithmic decrement measured in mode nunibe
(Damp) as an independent parameter helps in estimdimgtatic modulus
of elasticity Eprediced the most efficiently in case of 5x10 cm crosstisec
2 m long spruce planks, at 13+2% moisture content.

Epredictea= 0,863+ bend1MOE — 0,043Damp. + 2,512 [5.1]
(16) 9) (374)

Equation [5.1] can estimate the static modulus la$teity with a
standard error of 0,51 GPa in the 5-18 GPa domahe numbers in
parentheses under the coefficients of the formbtanvsthe standard errors
of the given parameter (the digits are written agdcm to the place values).

2. thesis

| derived an empiric formula to estimate the statiodulus of
elasticity Epredicted- | found that besides the dynamic modulus of gt
calculated from the frequency of longitudinal vitioa in mode number 1
(long1lMOB, the Concentrated Knot Diameter Ratio on Edge €K on
edge) determined by me as an independent paraimeligs in estimating
the static modulus of elasticityEfedced the most efficiently in case of
5x10 cm cross-section, 2 m long spruce planks t@%3moisture content.

Epredictea= 0,763 longIMOE — 1,382 CKDRE + 2,214 [5.2]
(14) (229) (191)

This formula can estimate the static modulus ofteddy with a
standard error of 0,62 GPa in the 5-18 GPa domaie numbers in
parentheses under the coefficients of the formafarasents the same as
described above.
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3. thesis

| derived an empiric formula to estimate the begdistrength
(Opredicie- | found that besides the dynamic modulus oftiglig, calculated
from the frequency of bending vibration in mode tem1 (bentiMOE),
the logarithmic decrement measured in mode numbébamp) as an
independent parameter helps in estimating the bgnslirength dpredicied
the most efficiently in case of 5x10 cm cross-ggGti2 m long spruce
planks, at 13+2% moisture content.

Opredicted= 3,265+ bend1MOE — 0,826Damp. + 28,414 [5.3]
(198) (108) (4,390)

This formula can estimate the bending strength wiitandard error
of 7 MPa in the 15-80 MPa domain. Standard errbte@parameters are in
parentheses.

4. thesis

| derived an empiric formula to estimate the begdistrength
(Opredicied- | fOound that besides the dynamic modulus oftiig calculated
from the frequency of longitudinal vibration in n®dnumber 1
(longlMOB, the Concentrated Knot Diameter Ratio (CKDR) as a
independent parameter helps in estimating the bgnstirength d;regicied
the most efficiently in case of 5x10 cm cross-ggGti2 m long spruce
planks of 13+2% moisture content.

Opredicied= 3,160- 1ongIMOE — 24,122CKDR + 10,938 [5.4]
(153) (2,914) (2,021)

This formula can estimate the bending strength witttandard error
of 7,14 MPa in the 15-80 MPa domain. The standardre of the given
parameter are in parentheses.
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5. thesis

| derived an empiric formula to estimate the begdistrength
(Opredicied- | fOound that besides the dynamic modulus oftiig calculated
from the frequency of bending vibration in mode tem1 (bend1MOE)
the logarithmic decrement measured in mode numi@ainp.),the Knot
Area Ratio (KAR) and the Knot Area Ratio on EdgeARE) as
independent parameters in the empiric formula Helpestimating the
bending strengthofredicied With the smallest error in case of 5x10 cm cross-
section, 2 m long spruce planks, at 13+2% moistorgent.

Opredicted= 2,946bend1MOE — 16,10BAR — 10,42KARE —

(213) (4,219) (3,499)
— 0,547Damp. + 29,760 [5.5]
(137) (5,011)

The above formula can estimate the bending stremnigtha standard
error of 6,82 MPa in the 15-80 MPa domain. The nemmbn parentheses
under the coefficients of the formula show the dsad errors of the given
parameter (the digits are written according toptlaee values).

6. thesis

| derived an empiric formula to estimate the statiodulus of
elasticity (Epredicted- | found that besides the dynamic modulus of gt
calculated from the frequency of longitudinal vitioa in mode number 1
(longlMOB, the Concentrated Knot Diameter Ratio (CKDR) as a
independent parameter helps in estimating thecstatidulus of elasticity
(Epredicted the most efficiently in case of 5x10 cm cross-getGt2 m long
larch planks, at 13+3% moisture content.

Epredictea= 0,819 longIMOE — 1,981 CKDR + 1,158 [5.6]
(19) (404) (306)

This formula can estimate the static modulus ofteddy with a
standard error of 0,88 GPa in the 6-21 GPa domaihe numbers in
parentheses under the coefficients of the formhtansthe standard errors
of the given parameter (the digits are written adc to the place values).
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