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ABSTRACT

Compression failures (CF) are a well-known phenamnemainly in lower density softwood trees exposedréquent
and/or strong winds. They are induced by large steffections, which cause a buckling of the wobref on the leeward
side of the stems after exceeding the axial compestrength of the wood. The distorted fibreswweak points in the
wood structure, which can lead to brittle fractui@seady at a relatively low stress level in bergdor tension. According
to many grading rules, CF are therefore not pereditin construction timber.

In an extensive research project started afterviiodéent winter storm ‘Lothar' (1999), open questiargarding the extent
and location, the causes, the detection and theeguences of compression failures have been stuglledlown-down,
broken or standing mature spruce (Picea abies)strwere harvested from a heavily storm damaged saawadconverted

into construction timber. During the visual gradipgocedures acc. to the Swiss standard SIA 26%/k#wn timber was
scrutinized for compression failures. Afterwards Bl@nd MOR of 563 beams (2200mm x 110mm x 95mm) were
determined in bending tests acc. to EN 408. Addiedilly significant reduction of the moduli of tupe and elasticity

in bending was found. The characteristic valueghef mechanical properties however still exceededlithits for the
strength classes of visually graded timber (accStA 265/1). Since posing a severe safety riskusezaf the very brittle
fracture behaviour it is nevertheless recommendedmuse timber with detected CF in load bearitrgcures especially
when members are subjected to tension or bendiagsss.

INTRODUCTION

Defects in the wood structure in the form of budkéll walls of the wood fibres are a well-known
'natural’ phenomenon and are observed quite frelyuenlower density softwoods such as spruce
(Picea abies}4, 9, 11, 19, 20]. These co-called compressidarts (CF) may be wind-induced in the
standing trees, if the stems are bent so muchdguént or strong winds that the proportionalityifim

of the wood in axial compression is locally excekda the inward (leeward) side of the bow. The size
of CF may range from small deformations in the edlll to wide bands of several millimetres in
width, which can affect more than half of the s&enross-section. The geometric structures of CF are
complex, have more or less fuzzy boundaries andapp a broad range of intensities. CF are usually
difficult to detect, particularly in rough sawn toer. This poses a problem regarding processing and
grading of such timber.

The distorted and damaged fibres can lead todfrdictures in structural timber already at a neddy

low stress in bending or tension. CF therefore r@garded as unwanted structural defects and
particularly after heavy storm damages in the fsreguestions regarding their influence on the
mechanical properties of timber from the salvageds arise anew.

A reduction of the mechanical properties (mainlypending and tension) at the fibre level [18] amd i
small clear wood specimens is generally acknowléd@e 15], but the effect is less clear with
structural timber. There the effect of CF may bafoanded by the presence of other defects such as
knots or grain deviations [7, 8]. However, becaw$etheir potential safety risk, many grading
standards explicitly [14] or implicitly (‘'mechanladamages’) exclude CF from timber elements in load
bearing structures. The presented work is partnoéxdensive research project in Switzerland started
after the violent winter storm 'Lothar' in Decemi®89, aiming to collect more information regarding
the extent and location, the causes, the detedimhthe consequences of wind-induced CF [2].
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MATERIALSAND METHODS[1]

Sample material

The sample material was taken from 30 fully-growrnuse (Picea abies)rees of heights between 35
and 43 m and diameter at breast height betweem@%2 cm, which were harvested from a mature,
even-aged, heavily storm-damaged forest stand Daach, Switzerland. 3 to 5 logs of 5 m length
were cut from each tree, graded and visually inggetor CF after partial debarking. All logs were
sawn into boards of 100 mm or 55 mm thickness, &cea. systematic sawing pattern adjusted to the
previously marked main wind direction of the sto®ubsequently the sawn boards were cut into full-
size structural timber as well as small clear gpeas for the assessment of various mechanical
properties in bending, tension and compressions Paiper is focusing only on the bending tests
of structural timber. Results of the tests with Brokear specimens from the same sample material
have been published already earlier [15].

The sample material included a wide range of woodlity and growth ring orientations. All sawn
pieces were kiln-dried to a wood moisture contdrit59o and planed to their final dimension. Finally,
a sample of 563 squared timber beams (PPB5 mnt) was available for bending tests.

Grading and detection of CF

Each beam was visually graded into 4 strength etadq$, Il, Ill, ungraded) according to the
supplementary specifications of the Swiss stanétarthe design of timber structures SIA 265/1 [14].
These visual grades are linked to the EN 338 [Ensfth classes C24 (I+1l) and C20 (lll). Due to
practical reasons, visual grade | is currently gremil to C24 instead of the theoretically possible
strength class C27. Deviating from the grading suleeams with detected CF were not excluded.
The wood density and the axial ultrasonic speeceweeasured additionally, but these parameters
were not used to derive the strength classes (Tgble

All beams were inspected for CF and the detectedw&Fe marked. A reliable detection of CF
is difficult and depends on the light conditiortsg tangle of observation, the surface structure thed
experience of the observer. All macroscopicallyblesCF on the longitudinal faces of the beams were
assessed. Because the inspection was done on @arfades, even rather fine CF could be detected.
For each beam the 'intensity’ of CF was recordeth@gotal number of identified CF and the 'size’
of the largest CF (Table 1). The 'size’' was assebgea system simplifying the complex geometric
structure of the CF to a one level defect planéndd by its maximum axial 'width' (CFMAX, Table

1) and the visible length on the circumferenceheflbeam (CFLEN, Table 1). This procedure resulted
in 2 sub-samples of beams without and with CF (@KINable 1).

Table 1. Parametersrecorded during grading and testing procedures

Parameter group | Code Parameter Unit Details
. 5 | calculated from mass and volume of whole beam at
DENS wood density [ka/m?] 15% MC
USMIN axial ultrasonic speed [m/s] min. value of 2 measeiments (device 'Sylvatest')
KMAX diameter of largest knot [mm] between loading headsner third of span)
KCLU size of largest knot cluster [mm] m_ax_imum sum of knot diameters (2 or more knots)
Wood quality _ within 150 mm Iength
CW compression wood [%] affected cross-section (0, 80, 20, 30, ..., 100%)
FUNG discolouring fungal attack in [%] affected cross-section by blue stain or red stripe
sapwood (0, 5, 10, 20, 30, ..., 100%)
I, I, 1, ungraded (i. e. unfit for structural
SCSIA strength class purposes); by visual grading according to Swiss
standard SIA 265/1 [14]
CFIND Elrgireyn?ggfag variable for 0 = without CF, 1 = with CF
CF NCF number of (single) detected CF
CFMAX | axial 'width' of largest CF [mm] Classes: 0.1 mm, @B, 1.0 mm, > 1 mm
CFLEN | circumferent. length of largest CF [mm] visible lémgn tension edge and side faces
. MOR modulus of rupture [N/mfh | calculated for nominal cross section of BE)mm
Mechanical —
properties MOE modulus of elgstlcny [N/mA) (hd) _
DMAX total deformation at max. load [mm] measured atna¢axis over 1980 mm span
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Bending tests

Bending tests followed the procedure given in EN 46] (4-point bending). The average time to
failure was 210 s with 238 beams having times tluri@a shorter than 180 s due to particular brittle
fracture behaviour with a small deformation at maxm load. Deformation was measured on both
side faces at the neutral axis over the total sygamell as within the central gauge length andayexat
over the two faces. The critical section with thepecrted failure location (e.g. knots, CF) was
positioned between the inner loading points. Ireotd reproduce the original loading situationhe t
tree, the beams from the leeward side of the stemne Woaded in the wind-direction and vice-versa.
Thus, present CF were positioned in the majoritylentension edge and thus the beams were loaded
in their most critical orientation. Parameters madwf rupture (MOR), modulus of elasticity (MOE)
and total deformation at maximum load (DMAX) weeeorded (Table 1).

Data analysis

In a first step the grading characteristics of Hazenple material was compiled. Then analysis of
bending test results was carried out using twoetbffit approaches: (1) focusing on the statistical
significance and (2) the practical relevance ofdfiect of CF on the mechanical properties. Theaff

of the 'size' of the CF and the fracture behawoas regarded as well.

The statistical significance of the effect of CF the mechanical properties was assessed with a
multiple regression approach. The same main fantatel without interaction terms was used for both
dependent variables MOR and MOE as defined in ftasi and 2, thus allowing a comparison of the
respective influence of the same factors in botlklem

MOR = &, + a;[DENS + aISMIN + g, KMAX + a,KCLU + asCW + a,FUNG + & CFIND + ¢, (1)
MOE =y + b, DENS + BISMIN + b BMAX + by KCLU + bs@W + by/FUNG + b, CFIND + ¢, @)

ap-a; and bp-b; are regression coefficients amg and ¢, are error terms in the models 1 and 2
respectively. The abbreviation codes for the regjoesvariables are listed in Table 1. Interactiemis
were not included in the models because they wetesignificant at the 5% level in most cases.
All 563 tested beams have been included in thiyaisa

The practical relevance of CF regarding the medahmproperties was assessed by comparing the
characteristic values of the visually strength gchdbeams (including both beams without and with

CF) as determined according to prEN 384 [12] with limits of the given strength classes according

to SIA 265 [13] and EN 338 [5]. 'Ungraded’' beamsensot included in this analysis.

RESULTSAND DISCUSSION

Properties of sample material

Only very few beams (24) were visually graded asngjth class |, 145 and 197 beams were graded as
strength class Il and 1l respectively and a rathigh number of beams (197) were graded unfit for
structural timber (‘'ungraded’) (Table 2). Big knat&l severe compression wood (CW > 20% in 127 of
the beams) were the most frequent reasons for daaimg. 200 (36%) of the 563 tested beams
contained CF in various ‘intensities’. The promortof beams containing CF increased in the lower
strength classes. More information on sample nadtproperties is given in [1].

Table 2. Number of tested beams grouped by presence of CF (CFIND) and strength class (SCSIA)

Frequency [%] Strength class SCSIA Total
CFIND | (C24)Y 11 (C24) 11 (C20) ungraded
0 23 (4.1%) 114 (20.3%) 120 (21.3%) 106 (18.8% IBBFY)
1 1 (0.2%) 31 (5.5%) 77 (13.7%) 91 (16.2%) 200 (35.5%
Total 24 (4.3%) 145 (25.8%) 197 (35.0%) 197 (35.0% 563 (100%)
Note:? According to SIA 265/1 [14] visual grade | is apsed to C24 (see 2.2)
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For the interpretation of the results it must beeddhat the sample material consisted of timbmnfa
heavily storm-damaged forest stand. Compared ieeatudies with structural timber [7, 8], we have
tested a notably larger number of specimens witla@Fwith a higher 'intensity’ of CF.

Effect of CF on mechanical properties

In Table 3 selected sample statistics for wood iteKBENS), modulus of elasticity (MOE), modulus

of rupture (MOR) and total deformation at maximurad (DMAX) are given. MOR and MOE are in

the usual range observed for spruce timber in ®@wéand [16], but somewhat higher than in other
recent studies [7, 8]. Variability within the suéirsples without and with CF is very similar. The mea

values of MOR and DMAX are distinctly lower in beamvith CF, MOE differs only slightly (Fig. 1).

Table 3. Sample statistics for bending test results grouped by presence of CF (CFIND)

CFIND | n | Mean | Std | Min | Max
DENS 0 363| 472 34 367 570
[kg/m3] 1 200| 506 38 424 602
MOR 0 363| 53.0 99| 23.1 76.3
[N/mm?] 1 200| 458 | 11.4/ 122 71.6
MOE 0 363 | 12451] 2149 4550 16877
[N/mmz] 1 200| 12200 1971 6863 18041
DMAX 0 363| 55.7| 17.6/ 19.9 106.4
[mm] 1 200 39.3 | 147 124 81.5
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Figure 1. Effect of the presence of CF (CFIND)  Figure 2. Relationship between predicted and observed

on MOR and MOE. Box plotsfor sub-samples MOR for the beamswith CF. (The thin solid and dotted lines

without and with CF. (Boxes show the median are the linear regression line and the 90% confiddrands for

together with 25th and 75th percentiles, whiskersindividual predicted values respectively of theresgion model

extend to 5th and 95th percentiles.) built on the sub-sample of the beams without CFe fhick
dotted line is the linear regression line for tle@ms with CF.)

Both multiple regression models corresponding tonfdas 1 and 2 (see above) show a high overall
statistical significance with a coefficient of detenation () of 0.45 for MOR and 0.69 for MOE.
Except for compression wood (CW) in the MOR moadiljncluded factors are significant at the 5%
error level. The diameter of the largest knot (KMPahd the presence of CF (CFIND) are the most
important factors in the MOR model, while wood dgn@DENS) and axial ultrasonic speed (USMIN)
are particularly dominant in the MOE model. A negateffect of CF on both MOR and MOE could
statistically be proven. For MOR the presence ofr€@uces the bending strength ‘on average' by 8.1
N/mn? (95%-confidence limits: 9.7 and 6.5 N/MmRelated to the mean value of the beams without
CF this corresponds to an average reduction of NPR5%. The estimate for the effect on MOE is -
526 N/mnf, which is a 4% reduction related to the mean valfighe beams without CF. The
identified more dominant effect of CF on MOR congzhto MOE agrees well with earlier studies [8,
15]. As expected, the reduction of the mechanicap@rties of structural timber is slightly loweiatih
with small clear specimens [15].
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In an alternative approach, a multiple regressiadeh (formula 1 without the indicator variable
CFIND), was built on the sub-sample of beams withH@k. The resulting regression coefficients were
then used to calculate predicted MOR values forkddams with CF (without explicitly taking the
visually detected CF into account), thus simulatingpecifically calibrated machine stress grading
system. An analysis of the deviations of the pitedicand the observed MOR values is shown
in Fig. 2. This approach disregarding the visudiected CF clearly predicts too high MOR values
for many beams containing CF. A practical conclnsid this result is, that CF will not reliably be
detected by machine stress grading relying on tyreamiic or static assessment of the MOE, as
reported already in earlier studies [3, 15, 17]cMae stress grading of timber containing CF withou
an additional visual inspection may therefore lem@n overestimation of expected MOR and wrong
strength grades.

Characteristic values for MOR, MOE and DENS aréetisin Table 4. The sub-samples of beams
without and with CF were combined, but stratifiegd dirength classes. The characteristic values all
exceed the limits in the given strength classes &#DC24. This means that in spite of the generdl a
statistically significant reduction of the mechaaliproperties, visually graded structural timbeerev
with CF meets the requirements with an adequatetysamargin. (During the usual visual grading
process in sawmills, some of the beams with CF @balve been detected and probably discarded.)

Table 4. Verification of characteristic values of strength classes according to prEN 384 [12]

Test result$ Adjustment to reference conditiofls | Characteristic value®
Strength . k k adjusted k char. .
classl%J n Mean Std Min 5%-P (Fahé?or) (Divihsor) vrillues (Facstor) value limit
MOR [N/mn¥]
I+l / C24 169 56.6 9.0 22.2] 391 _ 1.064 36.8 0.89 32.7 24
I/ C20 197 48.7 10.6 12.2) 301 28.2 0.90 255 20
M OE [N/mn]
I+11/ C24 169 | 13464 | 1683 8608 10397 1.060 3 14272 _ 14272 11000
111/ C20 197 | 12432 1839 7362 9279 13178 13178 9500
Density [kg/m]
I+11/ C24 169 475 33 367| 422 0.985 3 468/ 33 _ 414 350
11/ C20 197 480 35 395 427 473/ 34 416 330

D strength class based on visual grading (withonsictering the presence of CF) according to the Sstissdard SIA 265/1 [14]

2 Abbreviations of sample statistics= sample sizeyl ean = arithmetic mearStd = standard deviatiodin = minimum value,

5% P = empirical §' percentile. The input values for the calculatiéthe characteristic values are printed in bold.

Conversion to reference conditions according td\o8B4:ky,c: Correction factor wood moisture content-$512%,

kn: Correction factor timber size / height of beamQ/18.0)0.2 adjusted values. property values at reference conditions. No
adjustments to a pure bending MOE were made, whanlfs to a more conservative estimation of theactaristic values of MOE.
Also no adjustments were made for the density terigdned from mass and volume of the whole beams.

Verification of characteristic valuekg: correction factor for sample sizghar. value: characteristic value calculated from tested
sample]imit: expected characteristic value according to EN[338&r the given strength classes

3)

4)

Effect of the size of CF

Multiple regression analysis failed to show eviderior an improvement of the model fit by the
inclusion of the recorded CF ‘intensity’ variabM&F, CFMAX and CFLEN instead of the binary
indicator variable for the presence of CF (CFINDis is interpreted as a general difficulty to
describe the 'damaging' dimensions of CF. The [aiioa between the 'size’ variables of CF and MOE
is even lower. Based on these findings, the usdlofvable 'size’ limits for CF in grading procedsire
seems neither safe nor practical. This result isontrast to some earlier reports, where such dimit
have been proposed [7, 8].

Fracture behaviour

If CF were involved in the mode of failure, freqtignabnormally brittle and short-fibred fractures

have been observed. Fracture occurred often sugdadlwithout any prior indications. In some cases
the beams were broken completely over the wholssesection. The low-strain failure mode is also
apparent in the total deflection at maximum loaderage total deflection at maximum load was only
39 mm in beams with CF compared to 56 mm in beaittwout CF, which corresponds to a reduction
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of 30% (Table 3). The beams with the lowest MOR aihtained CF and exhibited very low
deformations. This brittle fracture behaviour h&et observed already in earlier studies [8, 9, 20].
Moreover, CF have been reported to be particulselysitive to impact loads (e.g. impact bending
tests), which showed a high strength reduction By 15].

CONCLUSIONS

The following conclusions regarding the influendenand-induced CF on the mechanical properties

of spruce structural timber can be drawn from gilts of the study:

* Bending MOR and MOE of squared timber beams comgilCF are statistically significantly
lower compared to beams without visible CF. (MORenaronounced than MOE)

» Despite the general reduction of strength and ielgstthe limits for the characteristic values
of the strength classes C20 and C24 of visuallgdeptastructural timber (acc. to the Swiss standard
SIA 265/1 [14]) are still exceeded. Considering dleereasing influence of other structural defects,
this may however not be the case in the highengthegrades.

* Because the MOE is only slightly affected by thesgnce of CF, machine stress grading methods
relying on the dynamic or (low stress level) stassessment of the MOE are not able to reliably
detect CF. Machine stress grading of timber comgiF without an additional visual inspection
may therefore lead to an overestimation of expedt@R and wrong strength grades.

* The macroscopically visible appearance ('sizethefCF is only a weak indicator for the potential
reduction of MOR and MOE. It is therefore impossilib distinguish between 'benign’ and
'malignant’ CF and to define allowable 'size’ Isrfior CF for visual grading procedures. Only a
strict exclusion of CF seems practical.

* Timber containing CF frequently fails abnormallyttbe with low-strain, short-fibred fractures.

* Because of the potential safety risk and the diffiprediction of their strength reduction, deteicte
CF should be excluded from load bearing structataments stressed in tension or bending and
explicitly addressed in the relevant grading statslaTimber containing CF should only be used
in compression loaded or not load-critical applmas.
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