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Reliability Analysis of Viscoelastic Floors
by

Dr Frederic Rouger Dr John David Barrett D Ricardoe Fasehi

{. Introduction.

This paper ~umn~a.rzz s resuits of a project activity vadertaken at the University .
Britsh Columbia (Vancouver CANADAJ in mopemuon with the Centre Techniglie du
Rois et de | Ameublement i Paris FRANCE} The obiective of thus study 15 o analvie the
effect of foist and panel viscoelastic behavior on reliability of wood structural svsiems
Since previous work has not considered the influence of creep on struciusid
performance . this study vas initiated with the objectrve of undertaking initial studies
of the influence of ¢creep hehavior on systems performance.

Recent studies by Foschi etal. have shown that wood structural svstems designed
according to present codes have a samewhat lower average safety level thal might have
heen anticipated considering the performance record Load sharing factors are
1nucup<=ratea into wood structural desxgn codes to account to the addition safety
developed by the structurai interaction of parallel members in systems suci as Floars
roofs and trusses The additional safety develops in part due to the redistribution of
framing member stresses. due to the interaction beiween {raming members and the
nanels (or cover) material and the between member varwtion in meduius of elasticity
Studies of the elastic behavier of redundant member wood struclures have shawvg that
the correlation between strength and modulus of elasuaty of wand :nember
contributes to a redistribution of stresses in which the weaker member vill be
subjected 1o lower stresses and the stronger members will have higher than av crm:
slresses

3

r

nschi etal investigated the longlerm behavier of woed ool systems subjesied w
velic snow foads System ume-to-failtire was calculated using mmu,e accumuialon
models Damage acoumulation under simulated snow loads was 2valual !ww membar
stresses derived fram an elastic stress analvsis The ume-to-tud distributons

erived {rom the apalvsis formed the besis for svstem reliability <£ 1dies using First

L]
3 ey

Opder Reliability Methods

The creep of system framing members and paneis product will affect the member
and panel stresses The purpose of this paper is describe a series of analysis undertaken
to assess the impact of viscoelastic behavior on roof foist and sheathing stresses for a
roof system subiected to constant and cyclic snaw foads



2. Theory of viscoelastic behavior and applications to finite
elements analysis.

2.1 Viscoelastic behavior.

A viscoelastic material is usually characterized by two types of experiments -
- Creep - Strain response (evolution with time) to a constant stress history
- Relaxation . Stress response (evolution with time) to a constant strain history.

The viscoelastic behavior is linear if the response R to a linear combination of
histories (54, Sp) is the linear combination of the individual responses Ry and Ry.Ina

more general case, we say that the response R (stress or strain) at a time t is a function
of S, the applied strain or stress. Constitutive relationship between R and S is an
integral-derivative equation .

tr ’
Rit)=[ At -wSWau ... O
I h 0 )
where

R and S are 6 terms vectors.
A isa 36 terms matrix (9 terms = 0 in the case of an orthotropic material),

2.2 Time Discretization.

The integration of equation (1) can be achieved by dividing time interval [0:t,]
into (r-1) intervals {ty. |ty ) (ke(2r}))

The first step is a finite difference approximation for time derivative -

Sty -3, ) as)

S Lt AL

L (2)

The second step is a numerical integration for each time interval (tg-pitg! by the

trapezoid method .
4

: to-to. . \
| Dt = =21l )+ (e} (3)

t t-1

Finally, equation (1) becomes :
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2.3 Finite Element Model.
The finite element method is based on the following equations :

(1) Minimum of total potential energy for an elastic body (Volume=V) |

j<5e>[om\r=j <Su>(TIdS .. )
Y 3,

where
u. 0, £are displacements , stresses and strains respectively.

du . 8¢ are small variations of u and € respectively.
T are external loads,

(2) Discretization applied in volume Vicuandf.

-t

{ul = (NJHU ) <g>=<U > B B
where
[{Niare the shape functions.
{B! is the derivative operator.
(UpJ is the vector of nodal displacements.
{3) Constitutive Fquations
=0l D)
where iD; is the stiffness matrix of the material.
Finally. Equation (5) can be rewritten using equations (6) & (7) :
T .
LLD DiBlU eV, = T N(Tds . @
2lts ¢ifs e

In the case of a viscoelastic material we use its constitutive equation (4) which
can be expressed as

0t)=0,(t) eity+o ) . .. 9
Equation (8) becomes

EL o)) Bt ) v, = BP0 - Blfogtlav,). (o)

This expression gives the system to solve at each time step t, The Oyity) vector

requires the storage of Up(te) (¥ ker). This is the major reason for which viscoelastic

calculations are expeasive. If the constitutive equation of the material is expressed in
terms of exponentials, recurreat relations may be established ([11).



3. Implementation of viscoelastic behavior in a Floor Analysis
Program.

3.1 The original FAP program.

The FAP program was originally developed by RO Foschi ([3]). It is used to
modelize the behavior of wood floors constituted by several joists and a cover (see
Figure 1} Connections between the joists and the cover may be taken into account. The
floor must be at least simply supported for x=0 and x=L. The analvsis is carried out
using a finite element approximation in (Y 2) plane and a Fourier series expansion in
Xdirection.

I element
> - , y
$ SR :
SR E :
S : E f
ST : g : :
R 30 %0(k
Sy

L]
L
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Figure 1 : Floor Geometry



An element and its degrees of freedom (u. v, w are displacements in X, Y, Z directions

respectively) is described in Figure 2
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Figure 2 : Degrees of freedom for an element.

The finite element model is obtained by the minimum of total potential energy -

TNJT

L b
where
NJT number of joists

8: Z(UC+UJ+UN— UL) ‘
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U1 - petential energy of esternal loads

¢ strain energy of the cover (theory of orthotropic plates).
Uy strain energy of the joists (theory of beams).

UN . strain energy of the connections (considered as springs).

3.2 Viscoelastic version : FAPVEL.

To obtain the viscoelastic version FAPVEL. we need to write each of the stress-strain
relationships for both joists and cover. The elastic equations are as foilows -

Inists .
=1
Cxx—b,x_y\"',xx
Yo =70,
Cover
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Equations (12) & (13) are rewritten in the way of equation (9) Then, the strain
energy of each constituant (joists and cover) is modified using equation (10) The
global system to solve at each time step would be too difficult to describe in this paper
but details are reported in {6].

A reliability analysis was performed to understand the effect of viscoelasticity on
the behavior of floors. Many results and curves are reported in chapter 4. In order to
understand the behavior of viscoelastic floors, a simple example is reported below -

I a foor is subjected (0 4 coastant foad how do stresses and strafns vary wilh
lime [ the cover [s viscoelastic and the joists are elastic 7

* [ the load (s constant and the cover is viscoelastic, then the sirains iacrease 1o
the cover fcreep)

* [f the sirains (ncrease in the cover then the strains (ncrease (n the joists
(bhecasuse cover and joists are connected via the nafls/

* [F the strains (ncrease in the joists, then the stresses (ncredse in tAe joists
(because they are efastic)

* If the stresses increase in the fofsts and the foad is constanl then the siresses
decrease in the Joisis

Therefore. the stresses increase in the joists and decrease in the cover In a more
general manner, that means that stresses migrate from the "more viscoelastic”
component to the "less viscoelastic” component. That would be the case in wood floors
in which cover is made of particleboard or plywood.

3.3 Damage Accumulation Model.

As explained in previous chapters. if a wood floor is subjected to a constant foad.
the stresses increase in the joists Therefore, failure mechanisms should be invelved
rather in the joists. For this reason. we implemented in FAPVEL program the capability
to predict damage accumulation in the joists.

In {91 . a mode! was developed to determine the relationship between

time-to-fatlure and stress history The damage is a state variable @ which has the
following characteristics -

——

[ O<a<]
La=0 for "virgin" materal . .04
pa=1 at faiture

it

Ateverytlimet, @ can be evaluated by solving the differential equation
& _ e P : {
D =a(-o, 1.y + (-0 1.} .. ...0U3)
where .

T(t) = applied stress history
Tg =shortterm streagth

Oy = threshold stress ratio and
a. b . ¢ nare model parameters



Because 1 g is determined by a ramp load test conducted at a specified rate Ks.
the parameter a is related to the other parameters, according to -

K o+ 1) ,
a= —

(1= 0, 1)

To solve this equation. we can use a direct integration method, assuming that the
load is constant during every time step At :

(&)}
i

S K (e Dk (1e ) AT
with -
Ekoii)xexp{ (tt) -0, t)nAt} N g
l C=2(rt)-0,0) (K, 0- )

Time-to-failure is the time for which damage @ isequalto 1.

4. Reliability Analysis of Viscoelastic Floors.

As explazned in previous chapters. viscoelastic calculations are quite "CPU
consuming”. To compare the performance of viscoelastic and elastic floors. it would
have been tnieresting to perform a first order analysis. But some estimations leaded to
a global CPU time of more than 100 days. Therefore, we prefered to use Monte-Carla
stmulations with a small number of replications (200 for each load case), which is
enough to get a first idea .

In the same context, we decided to study only 3 joists floors (simply supported at
X=0 and X-L). The limit state system is a series system: if failure of one joist occurs, it
implies failure of the floor. For each joist, the failure function is -

G=1-a
where @ isthe damage parameter of equation (13).
G>0 the joist is safe.

G =0 limit state.
G <0 failure of the joist.

4.1 Materials behavior.
4.1.1 Joists
Joists are Douglas-Fir Lumber (1650f-1 5E).

* Viscoelastic Behavior.

An experimental study on viscoelastic behavior for this lumber was carried out
in [2} These results are fitted to a power model whose creep function is given by :

-
!
N

(
\T.

|- “,._J
-
0

H!r"’

flt)=

+



Niefsen [4] explains how to obtain the refaxation function, complex compliance
and complex modulus for the power model using different transformation methods.
When k is less than 0.3, the relaxation function can be approximated by

M) e 20)
s ny]

Overall best-fit solution was obtained using a non-linear minimization
procedure (5] The distributions for Jg. T, k are reported in Table 1.

* Damage Accumylation Model.

The short term strength was investigated in {2].
The other parameters b.c.n,0y are derived from (3] in which Western Hemlock
was studied. The distributions are reported in Table 1.

4.1.2 Panels,

At this date, very few studies have been conducted to evaluate viscoelastic
behavior of structured panels. We took some data from a comprehensive report
published by University of Alberta {8]. In this study. bending creep tests were done
for OSB panels (Oriented Strandboard}

We picked up elastic distributions of Eparaltel 3nd Eperpendicular:

To get viscoelastic parameters, we fitted in the same way than for lumber a
power model Distributions of the viscoelastic parameters are reported in Table 1.

4.{.3 Random and Deterministic Variables.

* Each of the random variables used in the simulation is reported below.

Variable Model Mean Standard
Deviation
AFarses Do las-Fir 183001 55
E (psi) Lognormal 1 %%eh 223
t (houry) Lognormni 38304 1 6604
k Lognaormal 0.264 G 0287
T {psi) Lognormal 6300 2047
Pynets (8557
Eparallel (psi) Lognormal 1.0826 772e4
Eperpeadicular (psi) Lognormal 0.438¢c6 3.03c4
t {hours) Lognoermal 1320 770
k Lognormal 3.282 0.081
Damage Modes
b Lognormal 3nz2 %.%9
& Lognormad 0 1{%60-6 3 .96e-7
n Lognormal 1.43 0.1+
% Lognormal 0.58 0.163

Table 1 : Random Variables for Monte-Cario Simulations.
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* Deterministic variables are given below .

* Joist Cross Section - 15in. x725in.

* Joist Spacing : 16 in.

* Thickness of the Sheathing : 0625 in.
* Span =240 in.

The span was calculated to produce a preselected number of failures under a
design load in order that a comparison could be made between elastic and viscoelastic
floors.

Nails Properifes
* Nails Sgacing =8"
* kx = 10 psi
* ky =107 psi
* kg =100 psi

4.2 Load Models.
4.2.1 Constant Loads
Five different constant load levels were used for simulation studies -
43 44 psf (Design Snow Load of Ottawa J and
453,50 . 70 and 90 psf
These values were chosen to give a probability of failure ranging from 4% to
90%. tn order to get good estimates of the relationship between the load leve! and the
probability of failure.

For each load fevel 200 elastic input files and 200 viscoelastic input files were
evaluated.

The duration of load is 10 years.

For each simulation, the following information was recorded
- maximum bending stress in the joists (aver 3 joists within 10 years!}
- maximum deflection in the joists (over 3 joists within {0 years)

- maximum bending stress in the cover (within 10 years)
- time-to-failure if the floor fails (before 10 years).

4.2.2 Cyclic Loads

The load model combines a fixed dead foad component (D) and an anaual live
load component of inteasity (Q;) and duration (L;).

For one simulation, the dead load is assumed to be constant over [{ years.

The length L; of the ith winter segment is a Lognormal random variable with

mean =45 4 days and
standard deviation = 34 days



The total toad Pj of the ith segment can be expressed as :

P=D+Q, . 2D

Q=0 if summer

Wmh[(aio i winter

L

P=D+Q

=0 (A e Q)22

where
y=025
q¢=Ti. &)
Qp = Design Live Load of Ottawa = 43 .44 psf

The distribution assumption and model parameters chosen for d , r; , g; are
summarized as follows

Parameter Distribution Mode! Parameters

d Normal Mean =10 Standard Deviation = 0.1
T Lognormal Mean =06 Standard Deviation =027
g; Gumbeli A*=5544 B* =04

Asa summary, the table below shows the complete set of simulations which have
been performed :

Longcuse Sl | Vi
Cyclic Loads 200 200
Constant Load - 43 44 psf 200 200
- 45 psf 200 200
= 50 psf 200 200
- 70 psf 200 200
« 9 paf 200 200
Total 1200 1290
Z{OG




4.3 Results.

4.3.1 Failures

The numbers of failures observed for cyclic and constant load simulatiuns are
summarized in Table 2.

Under cvclic loads the same number of failures was observed for both the
elastic and viscoelastic floors. This result is explained by the fact that the failures
occur under a high live load at the time the live load is applied The viscoelasuc
nehavior does not have any significant effect on damage accumulation rates

Uader constant loads. there is a small difference between elastic and viscoelastic
case Of course. this difference decreases as the load increases (['nder very high
loads the number of failures will tend to 200 in both elastic and viscoelastic casesi

The disiributions of times-to-failure { lor the floors that failed onlyl are
reported in Table 3.

For cyclic foad cases 3 (of the 37 failures occured exaculy at the same time in
elastic and viscoelastic cases. This time was always the heginning of a winter
segment. For constant loads. we can say that the average lime-to-failure decreases as
the load level increases lexcept 43 44 psf for elastic case where only 2 failures
accured]

To analvze the reduction of time-to-failure due to viscoelastic gffacts. we tried
different predictors

- R = {Average Time-io-failure Elastic)/ i Average Time-to-failure viscoelastic!
{ Table 3. Column 5!

I'sually this ratio is fess than | But the distributions are so skewed that we did
aot trust this estimator

* In Table 4 Columns 2 & 3 we reported the distributivns of ratios of
Times-to-failure. This ratio is evaluated for each simulation that failed both under
efastic and viscoelastic assumptions

For low load levels these distributions have a mean of 115-007

But for high foads. the distributions are slightly different

= Ia Table 4. Column 4. we reported the medain of these distributioas This
median is alwavs less than § (0 3-1 %3

* In table 4. Column 5. we reported the probability of getting a ratio tess than |
We see that for high Joads we have 15% of chances to get a ratio over than | This can
hapypen if the joist that fails creeps mare than the others

4.3.2 Stresses in Lumber and Panels.
* Cyclic Loads.
Examples of stress evolutions for viscoelastic systems are given in figuress and

lisually the stress due to the dead load decreases in the cover. During the live
load segments the viscoelastic behavior does not have time enough to affect the
stresses

During the dead load segments the stress evoiution in the joists is affected by a
cambinatinn of two factors 1) increasing stresses due to the transfer of stress from
the caver la joists and 2) decreasing stresses due to the recovery of live load
segments Therefore the stress tends to be essentially constant During the live load
segments. the response is nearly elastic since stresses do not vary significanuy with
time



- Constant Loads.

As expeued the general trend for stresses 1§ W indrease i ihe JGIRLS gl
and decrease in Lhe cover ifigure 4) For constant load studies the stress
changed less than 3% due to Lume- dependem etfects

[n spite of a general trend of decreasing stresses in the gover some incal
redistributions occur which may atfect the magimum stress af the covar ifigure

first 50080 hours!

In Tables 5 and 3 we reparted the maximum bending stresses tor the s and
the cover

\aximum stresses for the viscoelastic analvsis are fess than 3% fTolumns
greater than masimum slastic stresses

The canstant load equivalent to cyclic toads is berween 45 and 30 psf
4.3.3 Deflections.

* Cyclic Loads.

The deflection can be regarded as a superponuon of two curves 1ian av eraga or cc.p
curve due to the dead toad and 20 superimposed segments of short term creep curves
due to the live loads The short term creep curves have much higher creep rates
Segments of dead load creep may be modified by some recovery from the hive inads

* Constant Loads.

The typical constant load creep curve tFigure 5) has the Jefiection naitern ol
iraditional creep curve.

Mazimum values of deflections are summarized in Tabie 7 Tae visoeidstic
affect. ie the additional deflection due @ creep ranges from 307 w P07 0 e
initial elasic response

As [or the stresses we see that the ratie of masimum delflections tor hugh inads
teads o the cyclic loads case. The reason s Lmt the masimum delfestans o0 svohic
loads cases accur during live leads which are high

Far the cvelic loads the ratio is low because live loads segments are shart

Fopr the constant loads this is rather explained bv a large proportinn of fasinres
wiich limit the creep

Lald



Conciusion

Considering linear viscoelastsc behavier in floor caleulations l2ads o sime
cemarks

- probabilities of latlure are pot affecied

times-lo-failure might be reduced of 11-20%

bending stresses are not atlected.

- deffecuon amplification facters are large and even larger than
predicted by the codes This should be taken oo accaunt in {rtder
calibraunns

The cafculation required data for heth lumber and pane
adaplzd from many differeat sources w0 generate the regquired gt
viscoelastic studies should be persued. it means that muca mere glfarl must he
directed 1o obtainin g the viscoeiastic material property data for wond products

The Monte-Carlo simulation was limited 10 a small number of rephoations 12
the number of wists is small (3) the duration of load is short (11 vears) Al these
limitations restrict the interpretation of the results Additional studies would nesd to
he completed to establish the general applicability +f the conclusions derpved hersn

Tven wilh these timitations we must remember that a f2w vears ags Ly study
could aet have been performed The evolution of computers is s fast that ia 2zar
future. more extensive studies will he possible and work should b_ contine 1o
devetop analvtical wols and material property data required for visctelastc behaviis

traely
“wuuuffq



,_4
R

References :

. ANDERSUNDL
Yiscoelasticity and Plasticits
Oraduate Course University of Brivsh Columbaia Deptof Civil Engiaeering

-

2 CRAIGE 19%
Comparison of Crzep Duratton af Load Performance i beading fnr
Parallam Parallei Strand Lumber to Machine Stress Rated Lumber
Masters Thesis Unsversay of Britush Columiia Faculty of Faresiry 223 naues

T

CFOSCHI R Julv 1982
Structural Analvsis of Woad Flaor Systems @ lournal »f The Struciaral Division
Proceedings af The American Society of Civil Engoneers ASCE Val 1ns v 377
Tubv 1952 p 1357 1574
4. NIELSENLE 1954
Pawer Jaw creep as related o relavanon  elastcity damping  rheelogical
specira and creep recnvery with special reference w wind
Paper nrepared for the International Union of Forestry Research firganzitions
Timber Engineering Group Meeting. Dec 19-15 19%4 Xafopa Mexico

! )

ROUGERF 1985
Application des Methodes ’\’umeriques aux Problemes dldenulicaiing des
Lois de Comportement du Materiau Dois :
These de doctorat de [ Universite de Technologie de Compiegne 15 sages

5. ROUGERF - 19%%

Structuraf Aaalvsis of Food Systems considering viscoelastic behavior

Part{ Theoretical Developmen:

Univ of Brivish Columbia. Reh.w'uty S Woaod Structuces Series 4

7. ROIGERF BARRETT- D FOSCHIRO 1988
stractural Apaivsis of Wood Svstems considering viscoeiastic hehaviop
Fart I Rel ianint Analvsis of Visgoelastic Mlanrs

ey of Brivush Cvlinmbia Reliabilaty of Woedd Structures Series 21 3

SOWONGPUOE BACHL CHENG T 1988

The F}ewral Creep Behavior of 0SB stressed skin Pagels

Univoof Alberta Deptof Civil Engineering Struct Eng Repart 15% 155 nages
9, YAQZC Apr 19%4

Reirability of Steuctures with load history dependent strength and an
application to wood members
Masters Thesis Univ of British Sslumbia. Deptof CivilEngineering 114 pages



Loading Case Elastc Visco-Elastic Ratio

(11 | (2} | (3 ‘ {41

Cyclic Loads 6 ‘ & '
Constant Load = 43.44 psfé 2 3 2.5
- 43 pst‘g > | & L2

- 30 pst: 10 13 1.2
= 7 pst’l 50 37 1049
= 20 psf% 164 | 172 P03

Table 2 : Number of Failures

Erastic Visco-Eiastic
. ‘ : Rauo
Leading Case : - o B
) g . AMean i STD Mean - ST - 14
vl Cme - A T :
ted 0 (30 4] (3

Cvclic Loads L6 32e4 1 23e4 D.de4 2ied4 .86
Const, Load = 43.44 psf . 2.3eq 1924  4.3ed £ 8es ER N
- 45 psf - 33eq  3.Jes 4.4ed 274 .33

- 30 psf : 3.9e4 Je4d 3.5e4 2.5e4 g

- 70 psf 2.7e4 [ 303e4  2.led 2.5e4 = 078

- 90 paf © 1.5e4 :233e4 - l.led 203e4 n7a

Nete 1lb=445N lin =254 mm 1ps1=59E-03)MPa
& STD Standard Deviation

Table 3 : Times to Failure (hours)

I



Loading Case Mean STD Rato Lo P
P13 ‘ (217 L {ay c@ p=0.5 Ratio=1
: ' ' 2 s [
. v} i
Cyvelic Loads . 0.8% . 0.32 XXX XXX
Const. Load = 43.44 psf  0.61 - 922 08
- 45 psf . 062 0 014 - 07 100
- SO psf 072 0.38  0.83 18
« 70 psf: 3.3 225 1.7 3 nR3
- 90 psf’ (.3 335 076 183
&  STD Standard Deviation
Tabie 4 : Ratios of Times-to-Failure
Elastic j YVisco-Elastic
L oadinag , i A _ satic
l“)“miﬁ;’{ ase . Meann | STD Mean STTH LA
c L A - N Y L5
Cvelic Loads 2378 069G 2434 0 72 P03
Const Load = 43.44 psf © 2156 © 1UR 2280 127 L0
- 435 psf 2233 112 2568 131 PG
= 5C psf 2482 125 20630 145.6 1.00
- 7O pst - 3474 ¢ 175 3050 203 LS
- 90 psf 4467 . 225 4002 2354 1.03

Note 1lb=4345N lin =254 mm | psi«~%9FE-03 MPa
2 STD Standard Deviation

Table 5 : Maximum Stresses (psi) in Jotsts

|



Elastic Visco-Elastic
- . . Ratio
‘ i -'. lﬁ - . .
Laa.cil{nlg1 Case \ean 37T \Jean st a0
T (29 {34 () (5
Cv¢lic Loads - 142 49 .8 142 31 1.00
Const. Load - 43.44 pst * 1285 &~ 241 132 26.5 103
- 45 psf £35.1 23 136.8 275 103
- S0 psf . 147.9 277 152 305 103
- 70 ['_\Sf 207 39 212 G20 102
- 90 pst: 266 S0 - 270 52 915

b

]f

Note lib=445N 1lin =294 mm
4  STD  Standard Deviation

I psi =29 E-G3 MPa

Table 6 : Maximum Stresses (psi) in Cover

Elastie Visco-Elastic
B ing ¢ . a
L’)Cldl;‘l}g.‘ ase Mean STD Mean 3TRY
t b (2 (3} i L9
Cvelic Loads CZe (.85%2 342 O AT LS
Const Load « 432,44 psf | z 0.1 3¢ 4.4 1 0.4 2.0
~ 4% psf - 2073 .14 4.56 042 2
- S0 psf | 2.3 01536 . 504 0.49 . . 2.19
= 70 psf:- 323 022 6,29 1.28 1958
= 90 pal . 4,153 0285 628 ;.97 151
LRSS FCELIE ; . "
AUELE FCLLAE FIOnE Ry Py & Py Py

B - A o5

Note Jlb -4 49N  Jin. «~234 mm
a ST Standard Deviation

1 psi=569E-13 MPa

Table 7 : Maximum Deflections (inches) in Joists



Constant Loading (50 psf)

Stress (psi) {Thousands)

2-7 -
286
2.5K
2.4
2.3
2.2 L i b 1
0 20 40 80 80 100
Time (1000 Hours)
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1. . Introduction

The present report is dealing with the preparation and implemen-
tation of long~term investigations and tests with glued leminated
timber girders subjected to bending. The layers of the "BSH M3"-
type glued laminated timber have been sorted mechanically to obtain
strength grades. The tests are being cerried out under an outdoor
roofed storage facility and will be continued for s minimum period
of 10 years. In this connection, the girders are being exposed to

& variable long-term loading.

The objective of the tests and investigations is the measurement
of time-dependent deformations and the determination of the resi-
dual loadbearing capacity after & loading period of at least ten
years., '

From the results and findings, the creep factor Kcreep and the
modification factor as to'"load action period" Kmod,1 will be ob-

tained.

They are being compared wlth those factors indicated in the Euro-
code 5 /1/ and will possibly be applied in the new TGL 33 135/04
GDR Industrial Code Specification /2/.

2., _Determination of the variasble long-term stressing

In addition and as a supplement to the factors
- creep factor Kcreep

- "load action period" modification factor Kmod 1

y

, and

as used in the specifications mentioned under /1/and /2/, long-
term tests with a loading being variable in terms of the time

are required which shall be accomplished with a climate (environ-
ment) of “outdoors under s roof",

Timber is an elastoplastic material creeping until failure when
subjected to a constant long-term load, with the strength dem
creasing with an increasing period of loading.,
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Similar properties are being found in the glue (adhesive) with
glued leminated timber. Therefore, the tests and investigations
are being performed by means of glued laminated timber girders.

-~

The eveluation of publications as included in /3/ shows that
mainly the individual influence of constant 1ong—term loads with
different periods of loading on the long-term strength of struc-
tural timber has been investigated.

However, it is necessary indeed to study and investigate the come
plex influence of varisble long-term loads together with the action
and effect of the air temperature, relative air humidity and tim-
ber moisture on structural timber and glued laminated timber.

The load combination of "dead load + snow" is being allocated to
the variable long~term load.

Based on /4/, a timber roof frame (truss) is being selected the
loading of which includes a large portion of dead load with a
small porition of snow load. Thus, an insignificant rebound is
occurring when relieving from "dead load + snow" to "dead load".
The loading of the selected roof frame *being supported by steel
members D 24,5 (see /4/, page 34) is as follows:

dead load of roof: 0.27 kN/m2
desd loed of floox: 0,45 Xi/m®
dead load of installation: 0.29 kN/m2
total dead load: 8y - 1,01 km/mz
snow load: Sy = 0.5 kN/m2
dead load portion: )
S _ 1.01
K = : = 0,67
g + " - 1.01 + 0.5 ‘

The long~term tests ere belng accomplished by using glued lamina-
ted timber girders of the grade BSH M3 (see Figure 1).

Short-term tests carried out by means of BSH M3 specimens demon-
strated that the flexural strength fm,K and the modulus of



elasticlity Eo,mean of grade BSH M3 timber are slmost coinciding
with strength grade C 5 as indicated in the HEurocode 5, 10/87
(see /1/, page 109). The characteristic value of the flexural
Strength is as follows:

£ 24 N/mm®.

m,K =

The “load action period" modification factor being selected acc~
cording to /1/, page 42, due to the large portion of dead load for
the "long/medium" load sction period grade and the moisture grade

T or 2 amownts o
Koa,1 = ©-85-

The material factor being selected according %o /1/, pege 31, for
glued laminated timber with regerd to the adoption of a neutrsl
forelgn supervision in the manufacture of glued laminated timber
(in German, abbreviated: BSH) amounts to |

A = 1.

This results in a design value of the flexural strength amounting
to:

T, ° Hmod, 1 24 « 0,85 o
£ = = = 15,7 W/mm"™.
m,d
’ | () | 1.3 |

The design value is for the

- top stress:

JE -
6m,1,d fm,d = 15.7 ¥/mm
- bottom stress:
&x 5
6m,2,d = Gm”],d = 0'67 ¢ 1507 = 10.5 H/mm .

The action periods for snow loads per annum are indicated as
follows: .

- 1 week to 6 months according to /1/, page 40

"= 1.8 months according to /5/, page 217

- 2 months according to /6/, page TO

- 2.5 months according to /7/.



With regerd to possible locations at & higher sltitude above sesa
level, the action perlod being selected for the snow load is 245
months.

Now, this resulis in a varlable longmterm stressing (see Figure 2)
emounting to:

65;,1,d = 15.7 N/ﬂm , actlon period of 75 4 (days)
10.5 W/mm®, action period of 285 d.

i3

m,2,d

3. Desgcription of the test specimens

12 test specimens consisting of BSH M3 grade glued laminated time
ber (see Figure 1) are being used for the long~term tests.

The specimens are girders subjected to bending with a width of
= 97 mm, & height (depth) of h = 192 mm, an effective span of

1, = 2880 mm and a léngth of 1 = 3080 mm,

The layers of boards of the glued Jaminated timber girders are
consisting of sawn coniferous timber (pine) and are being soried
mechanicelly into strength grades according to the flexural modu-
lus of elasticity and to the knottiness as follows:

~ The 1st and 6th layer (see Pigure 1) are belonging to the F II
strength grade
(8 2 9500 N/mmg, individual knots accordlng to Figure 3, accu~
mulations of knots according to Pigure 4, /8/)

-~ The 2nd to 5th layers (see Figure 1) axe belonging to the F III
' Surength grade
(E Z 7000 N/mme, individual kmots acc. to Fig, 3, accumulations
of kmnots acc., to.Fig. 4, /8/)

Decisive for the allocation to a strength graede is the unfavourable
value of one sorting parameter.

Lhe glueing (bonding) of the layers of boards with one another as
well as of the key-dovetall comnections is being performed by
using a “"Plastasol 147 N"-type phenolic resin bonding adhesive.
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As & general principle, a key-dovetail connection is being arranged
in layer 1 (being the lowest layer - tension layer -; see Figure 1)
~within the test zone (see Figure 5). In our instance, the key-dove-
tailing length amounts to 50 mm.

The distance of the key~dovetaill connectlons (key-dovetail stagger—
ing; in German abbreviated as KZV) between the st and Znd layer
is being guaranteed with an amount of KZV = 250 mm.

The equilidbrium moisture of the layers of boards sfter the manu-~
facture amounts to W=12 %.

4, Test arrangement

With & view to achieving a zone being free from transverse forces,
a four-~point loading is being selected for the test arrangement of
the glued laminated timber glrders (see Figure 5).

The results and findings from studies and investigations performed
by using structural timber /9/ are showing that - in order to

avoid shear failures - the ratio of the flexural stress Eff a

the shear stress qf shall be 22 whereas for a shear 1nflueﬁce of
gbout 6 % the ratio of the effective span 11 to the specimen height
h shall be 15. With these prerequisites prevailing, the length of
the test zome 1, is being designed es l,=4h /9/ (see Pigure 5).

The values of the verieble long-term load resulting from the long-
term stresses are as follows:

75 4
285 d

17.74 ki3 6
11.89 RN; t

il
#

-~ for dead load 4+ snow: iy
1,4

o
1l

-~ for desd load: Fﬁ,d

The force F ,d (see Figure 5) is being introduced by means of a
masg plece (welght) M {through e kifting rack-~type facililty.

The hinge G is verticaelly movable in order to ensure a horizontal
position of the load lever also with an increasing deflection U,



The long~term tests are being accomplished under the cover of =
roofed~over outdoor facility. With such a climatic test condition,
the test specimens are freely exposed to the air temperature, air
humidity and air motion of the external climate. However, the spe-
cimens are protected from precipitations and sunshine.

The meximum equilibrium moisture to be expected amounts to Q)§ 18 %
according to /10/ and corresponds to the moisture grade 2 in com-
pliance with /1/.

5. keasurements

The measurements to be performed during the long-term tests with
regard to the time are as follows:

(a) Girdex deflection'UZ'

It is being determined at the central position of the effective
span (see Tigure 5) by means of a dial gauge with a reading asccu-
racy of 0.1 mm and in addition - for control purposes -~ by means
of a gauge stick (measuring rod) and a level with a reading accu-
racy of 0,5 mm,

(b) Strains EX

Within the layers of boards 1 and 6 (see Figure 1), respectively,
~at the central pogition of the effective span the strains of the
timbex EEX’1 and E;X,6 are being measured by means of a mechanical
strain gauge (stress-probing extensometer; manufscturer: lessrs,

Holle, Magdeburg/GDR).

(¢) Timber nmoisture W

Tt is being determined through a pailr of electrodes being perma-
nently inserted into the girder -~ with a depth of penetration of
about 20 mm ~ by means of measuring the electrical resistance
(type of unit: "Hydromette H 65"; manufacturer: Messrs. Gann,
Stuttgart/FRG).
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(d) Air ftemperature T end relative air humidity %’

,.:‘
2]

Ihey are veing recorded continuously by means of themmo-hysrognre
(type 4063 manufacturer: VED Feingeritebau Drebach/GIR).

6. Initial results and findings

-

The long-term tests and investigations with the 12 girxders have
been started for test-engineering reasons only on K il 15, 1988,
instead of Janvary 1, 1988, with the load stage 11,@' The load
stage r2 q was effective from June 29 until December 31, 1958, On
January 1, 1969, the load stage F1’ﬁ of the 2nd year of loading

has been applied.

The values and date of the measurements accemplished concerning 7T,
%7,50, 5;K and Uz are plotted and shovm in the Figures 6 to 10 fox
the pexiod freom April 15 until December 31, 1988. /11/

cel representations of the measured cguanitities I are

=3

ne graphl
I .C‘i-"!’? S) . A . -

comprising X oonr fnax @04 Kugp

With a view to increasing and in ing bthe lucidit the ~raphi

i : asing U dmproving the lucidity, the graphi-

cal representations are being dravn up on semilogerithmic paper.

Due to the fact that the time ranges immediately after the loading
or relief, respectively, are of a particular interest, the time
scales {(uwnits) of minutes (min) and days (&) are being uvsed in

the graphical representallons (F zures 6 to 10).

.

The most sipnificaent measured quantities are the

glrdexr deflec~
tions Uz and the creep deformations occurring in the course of

tine,

i ean T tiong 11 6
The mean deflections Uz,mean amount to
- U = 12.5 mm

z ymean,o
with t = O for F, , according %o Flgure 63
)
— . = o5
Uz smean, 75 4 18.5 ma
with t = 75 4 for F1 a according to Figure T;

the creep factor corresponding to this is ss Follows:
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, g, .
Koreep,1 _ z,nean, 75 d _ .%%;% - 1.5
U -
z,mean,0
- 14,1

Uz,meaﬂ,186ld -
with + = 186 @ for Fs g according to Figure 10;
?

the creep factor corresponding to this is as follows:

-l

K _ Uz,mean,186 a _ 14, - 1.1
creep,2 U - 2o °
) z ymean , o

o
1

The measured deflections provide for en initisl comparison with
the data included in the Burocode 5 /1/.

The meen velues of the measured relabive eir hunidity @ end

timber moisture Cumean (see the Pigures 7, 9 and 10) are within
the ranges of
= 65 e TN~ A = 40 % g <.
?zmaﬂ 5 to 95 % Cumean 1 c 18 &

Thus, according to /1/, vars 2.5.4., the moisture grade 2 is pre-

As for the load portions being applied during the tests ~"dead loadh

By

Jl

a4

ST.
i

= 0,67 3 ‘“anowh =
Lur S-rr 2 r ’ S >
81& + pes L’I& + i

,,
O
o
(S

-y the creep

Tacter K resulting according to /1/, table 4.1, for moisture
creep, ] & } ¢

crade 2 and P "dead load + snow'! amounts to X = 0,67 * 1.8

& 1,4

‘ s creep,
+ 0033 * 1v3 = 1.64-
This value is exceeding that of K 1.5 ag devernined during

the test for P at t = 75 d.
-3’d.

creep, 1

According to /1/, table 4.1, the creep factor Kcreep 5 resulting
- ]

. 1 ety =T 114 "a aah s to K = SR
Tor moilsture grade 2 and Fz,d dead load" amounts to Koreep,? 1.5
This value 1s exceeding that of Kcree o = 1.1 ag determined during

3 .
the test for Ty 4 at ¥ = 75 4+ 186 = 2071 &.
’ .
However, & final statement concerning the creep factors can be pro-
vided only after a period of about 10 years upon the completion of

the long-term tests and investigations,



In compliance with /1/, page 48, the deflection in the final state

shall not exceed 11 .
250

In the hitherto accomplished tests and investigations, the largest

mean deflection Tor P1 a Ydead load + snovw't gt + = 75 4 ig ag fol-
b

lows
1
s~ 1. . 2880 _ .
Uz,meal’l,TS d ~— 180:) mn > 250 == *——2—13-0 P 11.3 T .

)

The exceeding in the liwmit gtate of the usability does not nean

that the loading F1’d as selected was too high,
This finds dits egpre“31on by fixing Y 04, 1 and o Toxr the detexr-
mination of Cj;,1,d = fm,d in chapt er 2 as follows:
Ypoa,1 = 0.85 instead of 0.9 according to /1/, pase 42;
3?: = 1,3 instead of 1.25 according %o /1/, pase 31.
A comngideration of the wvealues of Kmod,1 and - 88 indicated in /1/

would result in even higher Joads end thus even larger deflections.

in

fol-

.
[

he (evelopment (curve) of the mean Timber moisture CUKO i

}_J.

lowing that of the mean reletive air humidity 7{uean (see ihe T
ures 7 and 9).

Cne can sec that in the case of auvtwumm weather lasting for & longerx

pexrilod with a high relative alr humidity of erwﬁﬁv 93 ¢ thne tim-
i Ll
ber meisture will reach the value of a%nean = 18 % (see Flgure 9).

However, conngctions between timber moisture chenges and defle

Pien chunges ¢annot be discerned (see the FPigures 9 and 10).
Similar observations epply to the strein change as well,

The dwvelopments (curves) of Uz,mean within the load range of Ty s
(see the Pigures 6 and T)are showing that immedictely afier the
load application a very large increase in deflection Aﬁ‘Uz can be

observed (amounting to 2.2 mn/d on an average) which, however, is
incrrasingly decaying with an amount of 0.1 mm/d.
Considerably less distincet are the creep deformations after th

partial losd relief to Fs 4 (see the Figures 8 and 10)., Initially
]
the decrease in deformation is only 0,1 mm/d on en average. The



backereep processes can be regarded as decayed alresdy after a
period of 5 days.

7, Recregsion ecustions

=5
[85]

The mathematical descrintion of the time-dependent deflections
possible by means of simple regression eguations.

The influence facltor is the time t whereas the o¢bjective (target)

acvor 1ls the mean deflection U, roan ©f 12 test specimen
[ XS 2

[

he regression analysis 1s being performed by means of both expo-
nential functions (y = a « exp (bx)) and logarithmic functions
(y = a+ b+ 1lnx).

The regression equavions with the highest correla

Y -‘.

r are indicated in digure 11.

S. Suumary

Long~term tests and dinvestigations are bheing carried out usinz

[

-

>
glued lanminated timber girders subjected to bending with the a
of a wvariable long~term load at & climate (environnent) of "ou

doorg under a roof',

Initial results and findings of the measurements are providing in-
formation on the magnitude of the creep factors to be expected,

Ly
creep
action period" modification factor Kmod 1 for the moisture pgrade 2
: ’

will be avallable after & period of about 10 years.

Final values concerning the creep factors and the "lood
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cl strength grade £~ ’

Figure 1: Girder cross section
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Figure 2: Varidble long -term stressing
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Figure 4 :Sorling by accumulations of knots
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a) F -with iz1,2 - variable tong ~term load
b} U -maximum deflection
c! h -test specimen heigth

dl | -test specimen length

el | -etfeclive span Ll.=1Bh

f) | -fest zone length (.= 4h

gl G -vertically adjustable hinge

h) M -mass piece (weight)

i) KZ -key-dovetail connection,always located within the test

sone | | layer 1

Figure 5. Test arrangement
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Kovaltehuk L.M., Boitemirova I.N., Uspenskaya G.B.

Strength of one-layer solid and lengthways
glued elements of wood structures snd 1its
alteration from sustained load

Nowadays, lengthways glued elements find wide application
in wood structures, side by side with solid wood elements. As
dimensional and species wood structure becomes worse and be-
cause of the necessity of its most full and rational use, the
volume of lengthways glueing by means of tooth joinvs will in-
crease.

Therefore, there appears the necessity of strength commen-
surability of lengthways glued elements and solid wood elements
at the level of shorft-term values as well as the necessity of
strength decrease estimation of these elements, depending on
time and on operation actions.

Comparison of so0lid elements strength and lengbthways glued
elements strength was realized during the most widespread kind
of stressed state, that is edge bending.

Test plans of solid and lengthways glued specimens are ana-

logous: loading by means of concentrated forces in span thirds.
Cross section of specimens ~ 50x150 mm, span ~ 1900 mm, res-
pectively. Test results of 3 samples of s0lid specimens from
different regions, Arkhangelsky (samples ‘&, b), Permsky (sam-
ples 2a,b) and Novovyatsky (samples 3a,b), as well as of 12
samples of lengthways glued specimens from 4 enterprises (BEFZ
"Krasny Octyabr", Yureskaya SPWK, Volokolamsky EZSK, Vologodsky
DOK), with different types of tooth joints and different adhe-
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sive sorts, are presented in Table 1. It was tested all together

about 800 glued specimens and more than 300 s0lid specimens.

Average strength values of solid elements of group K24 va-

ry from 33,7 MPa to 40,9 MPz, and norm values -~ from 26,09 to

26, 5 MPa, for strength group K16 the values mentioned make up

from %%,2 to 27,7 MPa and from 19,9 to 17,25 MPa, respectively.

Initial strength of solid and glued

wood elements

Table 1

Sam- Quan~-  Average - Coeffi- Norm
A A s strength cient strength
gie Sample characteristic o ! value, of vari- value,
: P MPa ation,% MPa
1 2 3 4 5 6
Solid wood specimens
of visual strength
groups sorting
1a K 24 87 40,9 21,90 26,08
1b K 16 56 33,2 32,20 174,13
2a K 24 70 5743 18,2 26,09
2b K 16 24 29,6 19,9 19,90
Sa K 24 37 32,7 15,0 26,45
b K 16 24 27,7 18,9 19,1
Glued specimens
4a Type 4.8.I1I-20, adhe-
4b Type Z.S., I-50, adhe-
sive FRF-50 20 43 4,51 15,79 32,14
sive FRF-50 20 42,12 15,00 51,65
4d Type Z.S. I-32, adhe-
sive FRF-50 29 44,55 14,99 23,51



4e Type Z.8. I-32, adhe=

sive FRF-50 60 39,25 20,40 27,35

5a Type Z.S.II-20, adhe-
sive FRF-50 24 33,9 15,96 24 ,2%

56  Type Z.8.II-20, adhe-
sive FRF-50 26 36,64 23,20 22,62

ba Type Z.S. I~3%2, adhe-
sive KF~G 12 33,27 18,47 23,13

6b Type Z.S. I-32, adhe-
sive DFK-14R 30 40,16 16,80 29,03

Pa  Type Z.S. I-38, adhe-
sive FRF..50 93 40,14 . 27,33 25,57

7L Type Z.S. I-32, adhe-
' sive FRF-50 50 4% .68 34,77 24,04

Yc Type Z.8.I1I-20, adhe-
sive FRI-50 424 39,24 17,30 28,10

Strength indices.of glued elements are different at indivi-
dual factories and even at one and the same enterprise but in
different periods of time. Glued elements of EF. "Krasny Cctyabr"
(samples 4a-4¢e) and Volokolamsky EZSK (sample:Bb) show the highw-
est average strength values of edge bending (about 40 MPa) and
norm values (about 30 MPa). These samples have minimum strength
indices changeability, up to 17%%. Specimens of Vologodsky DOX
have high strength at average values level (samples 7a-7b), but
in view of high changeability of samples 7a and 76 , their coef-
ficient of variation being about 30%, norm strength values make
up 24-25 MPa. Mass factory tests were held at this enterprise
(sample Y¢) and presented good results, the tests having low

spreal in strength indices (17,3%).
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As for glued elements of enterprises mentioned, strength
of lengthways glued specimens of Yureskays SPMEK is somewhat
lower (samples 5a and 5b). It is also characteristic of Volo-
kolamsky EZSK elements (sample 6a) on adhesive EKF~G (medium
water resistance).

As appears from Table 1, glued elements strength of all
the samples by edge bending at the level of average values is
higher than that of samples of solid elements, group K 24 (and
the more so group K 16).

The most part of glued elements samples have higher norm
strength than solid wood elements strength, group K 24, and on-
ly 2 samples are higher - those of group K 16.

One can draw the conclusion that under conditions of prac-
ticable production technology the short-term (initial) strength
of glued elements is ensured higher than that of solid wood ele-
nments of corresponding strength groups.

Therefore, it 1s not necessary to introduce any limita-
tions against use of tooth joints when realizing required pro-
duction and control level.

For estimetion of time strength decrease, samples of spe-
cimens were prepared from sample lot 1a,b (by short-term tests)
and 3 samples of lengthways glued elements from sample lot 4a,
5a, ba.

Element cross section and test plan are analogous %o
short-term tests.

Specimens tests were held with step-increase load accord-

ing %o two regimes, imitating co~action of permanent and
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short-term wind load (given time 1055104 sec. ) and co-action
C
of permanent and show load (given time *~1O6gﬁﬁhder'normal
. . » - to . -
temperature and humidity conditions &?air“ 20=2°C3 Wop g4p=
65%-3 as well as short-term tests.

Tn Table 2 test results are presented.from comparison of

strength decrease of solid elements of visual sorting and of
lengthways glued elements. It is obvious that for specimens,
samples 4a and 6a, strength decrease according to first regime
of loading is insignificant and nears solid elements at the
level of average strength values and the difference almos?t
disappears at the level of norm strength values. Thus, on
time bhasis of the first regime of loading, imitating co-action
of permanent load and short-term wind load, there are no dif-
ferences in strength decrease of solid and glued elements.

Time basis of the second regime of loading, imitating co-
action of permanent load and Snow load is the foundation for
forming of calculatlon wood resistance (not considering its
quality).

Tests according to the second regime of loading show the
following regularities:

- at the level of norm strength values of this regime,
time strength decrease of glued elements of lot 48 in compari-
son with solid elements of group K 24 makes up 12,1%;

- time strength decrease coefficient of glued elements of

lot 5a is by 9,8% lower than strengbth decrease coefficient of
solid elements, group K 24;

- in comparison with solid wood elements of group K 24,
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strength decrease coefficient of glued elements, sample 6sa,

decreased by 8,8%.
Table 2

Specimens strength by long-term
load action :

Spe~ Ave- Coe-~ Norm OStrength decrea-

Load- ci~- rage f£fi- stre- se in comparison

: Sam- Sample e 1 Short
ing ple characteris— nens stgg Cit nggﬁe with shorf-term
Te- . To. tic gua~ ngra emv v at the at the
gime lity,value,of va- yp. 10ue1  level
pes  MPa  ria- of ave- of
tion rage norm

values values

I regime ‘la Solid K 24 28 34,93 15,74 25,29 0,854 0,970
(given g, WOOd ¥ 45 44 34,97 19,01 21,94 0,42 1,281

105_404; 4a rg-gnts - 18 3815 12,05 32:32 03978 03954
groups

Il regime -“a BSolid K 24 21 29,65 18,33 20,47 0,725 0,785
(given wood

£1me 1b ele— K16 14 25,90 19,86 17,41 0,717 0,717

) 4a ments - 18 28,98 23,98 19,84 0,736 0,688

~10"secy) of
5a strength” 12 25,77 17,25 18,4% 0,761 0,712
6a groups - 12 25,09 20,35 16,67 0,754 0,721

_ Thus, on time basis of the second loading regime, imitating
co~action of permanent and snow load, greater (~15%) strength
decrease of lengthways glued elements was established in compa-
rison with sclid wocd ones.

It is esperimentelly established that for time ensuring of
equal strength of solid and lengthways glued elements of wood
structures it is necessary at the manufacture stage to ensure

short-term strength of lengthways glued elements by 15% higher
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than norm resistance of corregponding sort of solid wood ele-
ments. The researches, presented sbove in Table 1, confirm
the possibility of ensuring of corresponding strength ¢f glued

joints under the conditions of modern production technology.
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Introduction

The general design rules for notched beams in clause 5.1.7 of [Eurocode 5, 1988] have
been criticized for not taking into account the effect of the depth of the beam, a factor
which has been demonstrated by tests to have a significant influence on the strength.

Further the special rules for glued laminated beams, clause 5.1.7.2, is criticized for
mixing global design considerations (total beam volume, load distribution etc), and
problems related to small local areas.

A consistent design method based on a simplified fracture analysis was presented in
[Gustafsson, 1988a] and [Gustafsson, 1988b). The former paper was discussed at the
CIB W18 meeting in September 1988, and it was agreed that it should be used as basis
for future versions of the CIB Structural Timber Design Code.

In the following is indicated how the code text could be formulated. The proposal only
concerns the requirements for the notched part of the beams additional to the general
requirements for the shear design of un-notched beams, and is thus independent of the
method which might eventually be codified for beams in general (i.e. for instance
whether the effect of volume and load distribution will be taken into account ).

Further a draft for a test method for determination of the determining factor — the
fracture energy — is given.

Design formulae

The structure treated is shown in figure 1. It is a sharp bottom notch at the end of a
rectangular beam. The notch is characterized by o — the depth of the end section {he)
relative o the depth of the beam (h) — and () — the length of the notch, measured from
the center of the support and relative to the depth.

_:,,__ | 7
e
- -
he=Qh ﬁ \T\“\h | '&
\TAPERING |
)k

o
o

Fig. 1 B



The shear force (the reaction is V), and the shear stress is assumed to be calculated as

_ 1.5V 1.5V ()
T = [bhe) ~ (abh)

where b is the width of the beam.

The simplest design requirement given in [Gustafsson, 1988a] (formula 17) is

V0.6a{I=a)/G  + BB{1/0—a?)/Fy

where
Ge is the fracture energy for splitting along the grain
Es is the modulus of elasticity parallel to the grain, and

.G is the normal beam shear modulus

This expression is derived from assuming that the length of the fracture region is
negligible. It leads for small values of § to results that are slightly illogical (the stress at
failure is the same for a beam with effective depth ah and (1—a)h ).

The length 1, of the fracture zone can be taken into account by replacing § in the
denominator of (2) by (f+1;/h) and this is done in the proposal. The length of the
fracture region depends on the material parameters, but can for practical purposes be
taken as a constant, about 10 mm.

In [Gustafsson, 1988a] an alternative expression of the requirements is given, based on

‘normalization of 7 with respect to the tensile strength perpendicular to the grain, ft 0

but it leads to problems in the code context: In the code ft 0 is related to a uniformly

stressed volume of 0.02 m3, while Gustafsson's value is related to a smaller volume,
giving a much higher tensile strength (a factor of 5-10).

To reduce the effect of the notch, beams are often tapered at the end, see figure 1. For a
sufficiently flat taper the notch will have no effect, the shear strength will correspond to
that of an un—notched beam with depth he. There exist, however, no test results
indicating the necessary slope or how to interpolate for steeper taperings. It has,
however, normally been assumed in codes that a taper of 1:3 should be sufficient, and
this is accepted in the following. No interpolation rules for steeper tapering are proposed;
the rules for a sharp notch is assumed to apply.



Safety design

In accordance with the general safety format it is necessary to use design values for all
strength determining properties, in this case the modulus of elasticity, the shear modulus
and the fracture energy (i.e. characteristic values (5—percentiles) reduced by material
factors). In the proposal it is assumed that the same material factor apply to all
properties and the design value can then be found by reducing the strength calculated
with characteristic values by the factor 1/,

Fracture energy

In the design, knowledge of the fracture energy is needed. There exists only few test data
for this material property, and it is recommended to do more test to determine it and its
dependence on species, density, etc.

The fracture energy found depends also on the test method. The test specimen and
testing procedure used in [Gustafsson, 1988b] is shown in Figure 2a—c. Since it was found
that the fracture energy thus determined could be used directly in the design formulae,
this test method is recommended.

SURFACES GLUED

2q a —
s
|, 6a Z,/1 _ ?\0 J 6a j
SAWN CUT, t~3mm

Fig. 2a  The test specimen is composed of three pieces of wood glued together to form
a beam with approximately square cross—section (a-b) and a length of about
13a.




STEEL BALL AND PRISM -~ a/4xa/4x "%IZ/RUBBER LAYER, t~2 mm
2a
I 1

T~ RUBBER LAYER

STEEL BALL AND PRISM __»

|

! 6a i 6o .

STEEL CYLINDER AND PRISM

Fig. 2b  The beam is loaded in three—point bending with a constant rate of movement
of the cross—head of the testing machine u, so that collapse is obtained in
about 3 minutes. To get the same time to failure, the rate of u must be
greater for large beams than for small beams.

kNr

S i, o et e

Up

m-g m-g
—.AREA T'UD —AREA T'UO

Fig. 2¢ From the complete and stable load deflection curve the external work is
calculated as W + mgu,, where W is the work done by the midpoint force, m
is the mass of the beam, g is the gravity acceleration and u, is the deflection
at failure. (The work from the mass of the beam before u, is mguo/2, and it is
assumed that the failure energy after u, is of the same magnitude). The
fracture energy is then determined by G, = (W + mgu,)/ab.



CODE PROPOSAL
Shear

For all beams the following condition shall be satisfied.
Td < fv,d (a)

where

74 is the design shear stress, and
fV 4 1s the design shear strength

(may be modified to take into account the effect of size, load distribution etc).

For beams notched at the ends, see figure 1, the shear stress shall be calculated on the
effective (reduced) depth he and for beams notched at the bottom (the loaded side) and
with a taper steeper than 1:3 it should be shown that

Td<l 1.5 0,}( C,k;l (b)
T WB{I=aJE /G, + (f+,/h)6(T/a—c?)

where

B,k is the characteristic (5—percentile) value of the modulus of elasticity parallel
to the grain

Gy is the characteristic (5—percentile} value of the shear modulus

G ek Is the characteristic (5-percentile) value of the fracture energy for splitting
along the grain

L is the length of the failure region.

For softwoods the following values may be assumed:



Gy = 200 N/m

IZ: 10 mm

Examples

In the following the effect of end notches are shown for different beam depths and
different lengths of the notch. The strength of the notched beam i Vipgien and is
determined according to (2), taking into account the non—zero length of the fracture
region by I, = 10 mm. As reference is taken the strength V, of an unnotched beam with
the depth he:

_ 2
Vo = 3 bhefv,k

The following material parameters are assumed {corresponding to strength class G4 of
{Eurocode 5, 1987]):

Eo,k = 10000 MPa
Gk = Eo,k/m
fv,k = 2.1 MPa
Gc,k = 0.2 N/mm

The results are shown in figure 3. Values of Vpotcn [V, greater than unity means that the
notch will not cause the failure, it will take place as a normal shear failure in the section
with reduced depth.



| Vno!ch iVU
'
204 \
\
\
\ Al h =200 mm,B=0
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\ N Pid
\\ SN~ J~l—h =800mm,B=0
/
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1.0\ /
\__/ L Eurocode 5
L— h =200mm, =10
——h=800mm, =10
1 T T ¥ L T 1 T T L
0.5 1.0 1-a
Fig. 3 The ratio between the strength of a notched beam and the shear strength of

an unnotched beam with depth he = oh. [Eurocode 5, 1987] in all cases gives
the straight line.
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DIMENSIONS OF WOODEN FLEXURAL MEMBERS UNDER CONSTANT LOADS

1, Introduction

The determination of the deflection of flexural members
during constant loads requires first of all the knowledge
of the deformation properties of wood. During load most of
the timber structures are exposed to different states of re-
letive air humidity end tempersture, On its surface wood rea-
ches different states of moisture content equilibrium. In fact,
this requires the investigation of wood deflection in the ine
teraction with mechanical and sorption streass in the structure
of wood. ‘

In the calculation of the deflections an important cons-
tant of the mmterial is the E-modulus. We issue from the idea
that the knowledge of the E~modulus under different conditions
of the moisture content of wood in arbitrary time of loed gives
the most optimael posasibilities for the calculation of the def-
lection. This paper is & contribution to the solution of this
idea.

2. Experimental work

Experiments were carried out under the conditions of two
different climetes, under the protected outside climate and
under the inner one at the relative air humidity ¥ = /65 z 5/%
and temperature t = /20 > 1/%.

In both cases faultless specimens were used with the dimen=-
sions 20 x 20 x 500 mm /Table 1/.

In the sampling of tesiing material we took into conside~-
ration that each specimen should represent one stem of spruce
wood -~ Picea abies L. This tree species is used most frequently
for structursl purposes in Czechoslovakis.

Constent load veried within the span 7 =~ 16 % of the bree-
king strength under the conditions of both c¢limstea.

The deflection was measured in 24 hour intervals with the
accuracy 0,01 mm under load, Simulteneocusly the air humidity
and temperature were measured. The moisture content of specimens
was measured on control specimens by weight method. The cross
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gection wae measured in the middle under loed with the accu~-
racy 0,01 pm,

The whole experiment under the conditions of the outer
climate lested from 17 to 21 000 hours, under the inner one
2 400 hours. '

In the investigation of creep in bending under the outer
climete we did not load all the specimens at once, but only
two of them graduelly in one month“s intervals. Before star-
ting the experiments the specimens were placed in the given
environment for sbout one week. After finishing the experiment
we determined the density sccording to the Czechoslovak Stan-
dards on the additionsl parts of the specimens,

The magnitude of the modulus of elasticity for our case
of load was calculated according to the relation

3
F. 1,

E =
4 bh3.yt

[l

where F is the constant load in N,

1 - span in mm,

b = besm width, in mm,

h =~ height, in mm,

yy = deflection in time "t", in mm.

3. Results of experimental measurings

The obtained experimental results are given in Fig.l,2,3,
4 and in Tables 1,2,3,4., It is possible to state univoeally
that & much more expressive change of the E-modulus in bending
tekes place under the conditions of the outer climate in com-
parison with the constent /Fig. 1,2,3,4/.

The absolute magnitude of the E~modulus decrease under the
constant climate is several times smeller, a stabilization
teking place in comparison with the outer climate,

4. Modelling of the relation E = f/t/

In the description of the change of the E-modulus of elas~
tieity during constant=load we have started from the Poynting-
~Thompson 8 body /Fig.5/.



-3 -

The totel stress in Kelvin s model is expressed by

af
Gy =0+ Gy= & « B+ Ay 56 £2]

The total deformation of Poynting-Thomson s body will be cal-
culated by

& =&+ & (3]

at which

_bo
o © & [4]
0
By solving the linear differential equation [2] and under.
the assumption when t = O and 5; = 0 and 6; = constent,
we get the expression '

[
(i==2l1-¢ A [5]

Eq

where ), is the coefficient of viscosity and "t" the time of
load, By substituting the formulae [4] and [5] into the rela-
tion [3] we get the expression

El‘t
TN
6t = 2 + 6;‘ l1-e : (6]
Eo El

Let us seek for the function E = £/t/
In time t = O 6}

0t F . [+

B =

and in a certain time "t"

E, = 22 [73

By substituting the relation [7] and by modification of the
relation [67] we get the calculation of the E-modulus of elas-
ticity in time "t",



E, = o 1 (8]
t
_El't
1

The relation [8] is defined for t{/0,eo/. When t = O, then

E, = E o which is the instantaneocus E-modulus., When t -—» oo
E .E
- O 1 - ’
Et - E. + E Etr EB ]
1 0

which is in fact the long~term E-modulus,

The constants E , E, in the formula [8] have been calculated

according to the relation [1], at which in E we have consi~

dered the deflection y_ and in E, the difference ¥4 ® Yo"V
0 E 1 max Yo

The coefficient of viscosity A, = — . The constant "C" has

been determined in such a way to meke the relation [8] express

the lower limit values of the E-modulus during the load "t".

5. Use of the model in the csalculation of beam deflection

As an exsmple we have taken & wooden beam with a rectan-
gular cross section, with e uniformly distributed load and
placed on two supports

4
50Qo1°
384.E.I.

s

]

The change of the modulus of elasticity in dependence on ti-
me has been expressed by the relation [87.
When considering the load :
a/ long-term q with the relevant modulus Eyp /relation 8/
b/ medium-term q, with E,,, in time t,;
¢/ short-term gy with E,5, in time ts;
d/ instantaneous q with E_ in time ty = 0;

The relation [[97] will obtain the form
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[

L4
5.1
= 9 ql-g- q2+_?.l+..fli Eloj

Y

R —— —

By substituting the relations [8] and [8"] inte the relstion
[[07] and by modification we get the formula for the calculs-

tion of the deflection 1
B ROl T
5.1 4 |B /q,*q,+q,+q,/*E_Jlg *q, \l-e h +Q, |l=e !
yt=384?1 Bt Eo 15:2 :
o * "1
— etu il

In the case of the action of the constant load only qy and
9, = 43 = 9, = O end by using the relation [8°], the equation
(117 will obtain the form

5°q1 7104
384.I.Etr

(117

It
If only the istantaneous load gq, acts, then the relation [11]
has the form

4
5.1o .q4
384.I.E0

Yo =

(1177

6. Discussion

As mentioned above, experiments were carried out on spru-
ce wood -~ Pices abies L, We have chosen two climates, the
protected outside one and the one with constant relative air
humidity ¥ = /65 = 5/% and temperature /20 = 1/%.

By comparison of the E-modulus of elesticity under ihe
conditions of both climates we can observe a univocally more
expressive decrease in the outer climate. Such an expression
of creep only confirms the obtained results given by Armstrong-
~Kingston /1962/, Grossmen /1976/, etc. Further we can see
that in constant loed under the outer climaete the whole course
is irregular, especislly with specimens with a higher density.



"6-

This irregularity of the changes of the E-modulug are caused
by different stastes of equilibrium moisture content of wood
changing with the relative eir humidity end temperature.

The desorption process with a casual tempersture increase
causes the increase of deflection and thus also the decrease
of the E-modulus of elasticity, the adsorption process acting
in the opposite wey. In specimens with a higher density the
chenge of the E-modulus due to the sorption phenomena is mo~-
re expressive, We assume that this is Aue to larger shrinkage
and swelling in comperison with specimens with a lower densiw~
ty. The intensity of the chenge of the E~modulus is dependent
on wood density.

The whole decrease of the E-modulus of elesticity under
the conditions of the outer climate, up till atebilazation,
may be characterized in the initial stages of lcad by a rapid
decrease, gradually diseppearing, but also with simultanecus
changes / increase-decrease/ as a result of the adsorption and
desorption phenomena in weod structure.

The courses of the E~moduli changes /Fig. 1,2,3,4/ confirm
univocelly that approximetely to 8 = 10 000 hours of load the
deformetion caused by mechanical forces discontinues, the fupre-
ther changes being caused only by sorption stresses. Under the
constant climate /Fig. 1,2,3,4/ we do not observe such expressi-
ve changes, The stabilization of the E~modulus rather takes
place in comparison with the outer climate. In our case the
smaller dispersion of points on graphs is caused by the varig~
tion of the relative air humidity within the inaccuracy ef the
maintained reletive air humidity z 5 %

Comparison of the creep factors with Euroccode 85.

a/ Long-term

The change of the E~moduli of elasticity under the condi~
tions of the outer c¢climete has been described by the relarion
[8]. The model does not intercept changees due to different moi-
sture content of apecimens during their load, but it intercepts
the lowest magnitudes of the E~moduli during the load /Fig. 1,2,
3,4/, These values must be taken into consideration in the di-
nmensioning of limiting deflections,
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The average creep factor for the invesiigated specimens
under the conditions of both climates is given in Table 4,

For the outer climate we have calculated the creep factor 3,27,
It is higher than that given by Eurocode 85 for the moisture
class 3,

The conditions of our outer climate during the experi-
ments may be characterirzred by the average moisture content of
wood 13,5 %. The relative air humidity above BO % lasted 49
days per year. The temperature of the environment varied from
- 23°%C to 35°C. According to the categorization of the moistu-
re classes of Eurocode 85 these conditions are rather closer
to the moisture class 2 than 3. Our creep factor, if compared
with the given standard, is substantielly higher for both moi-
ature classes 2 and 3., For moisture class 1 it is contrary.

According to our opinion, the cslculation of the deflec~
tions of beama made of epruce wood for our protected outer cli-
mate does not correspond with the conversion by means of creep
factors of the second and third moisture class given in the
Eurocode. Maybe, only in the cases with maximum density. Accor~
ding to our measurements we should work with the coefficient
3,27. The most eccurate conversions could be reached if we could
obtain the coefficients of structural elements.

b/ Medium=-term

In the first moisture class our coefficients correapond
with the Eurocode 85. The coefficients of moisture classes 2
and 3 in comparison with our outer protected climate are sub-
stantially lower /Table 4/,

We suppose that the creep of spruce wood under the condi-
tions of outer climete and under our conditions differs from
the Eurocode 85.

¢/ Short-term

For this case of load our creep factor under the conditions
of constant climate corresponds with the moisture class 2.
The creep factor under the conditiones of outer climate is lower
in comparison with moisture class 3 of the Euroccode.
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Although the experiments were carried out on a smaller
smount of observetions, we do not think that the obtained
results are not reliasble, The selection was carried out in
guch a way that one specimen represented one stem and we have
recorded salmost the complete scale of density /0,342-0,494 g.cm3/.

With the exception of the comparison of creep factors we
also give a scholl~example of the calculation of the distance
of the Spsn® /Table 3/ for the given beam. Conversions we-
re carried out sccording to the proposed relation [11] and the
procedure given in Eurocode 85. From the individual examples
it follows that the conversions according to relation [11]
are more strict if compared with the method for the Eurocode
moisture classes 2 and 3, With the moisture class 1 it is con-
trary. By the proposed relation [11] we have tried to express
more sensitively the deflection in constant-load.

We calculate the limiting factor by teking intoc conside-
ration the time of load by different kinds of stress. We also
consider the mutual relation between sorption and mechanical
stresses originating in the wood structure during the changes
of relative sir humidity and temperature of the environment.
This is expressed especislly in the lest two examples given
in Table 3. In the first case we count with snow 1 N/mm and
time of lcad t = 3 264 hours which corresponds in our countiry
with a mounteinous ares. In the second case we consider the
area which is not pretentious to load by snow q;~ 0,5 N/mm
and t, = 1 248 hours. Even such a difference brings a change
in the dimensions of a structure.

7. Conclusion

The presented paper points out the poseibility of the cale
culation of limiting deflections of wooden flexural members
under the presumption that wood is & linear viscoelastic mate-
rial, ‘

The lower 1limit change of the E-modulus of elasticity in
constant-load under the conditions of the boath climate is
described by the rheological model /Fig.5, relation [8] which
we have used in the calculations of limiting deflections of
besms.
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By relation [11] we have tried to take into consideratien
more sensitively the sction of outer forces during simultane-
ous stresses which had originated in the structure of wood due
to sorption in the calculation of limiting deflections of tim-
ber structures.
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TABLE 3, Celculation of the length of the span "10" according to
Earocode and our experiments

Parasmeters of flexu~
ral members

. Yo

—

. I=14197.10%
0

Calculated length of
the span .4 «o
1," /mn/

According to Eurow~
code 1985

Calculated length of
the span
"1 % /mm/

According to our ex-
periments

Py = 0,352 g.cm"3
Eo = 8556 MPa

El = 3883 MPa
Eyp= 2671 MPa

q = 2 N/mm

Moisture class (:)
1, = 3728 )
Moisture class (:)
1, = 4420 )

Roofed outride clims-
te 1, = 3647

E, .= 12733 MPa
Q = 2 N/mm

9, = 0,35 g.om™> | Moisture class (1) |Relative humidity
E, = 8401 MPa 1, = 4668 { |/65 = 5/% .
E, = 43088 MPa Temperature /20 =1/°C
E, .= 7030 MPa 1,= 5036
q = 2 N/mm
= 0,391 gvcmf3 Moisture class Roofed outeide clima-
o »
E, = 12872 MPa 1, = 4272 ) |te 1, = 3952
E, = 4617 MPa Moisture class (:)
E, .= 3398 MPa 1, = 5065 >
qG = 2 N/mm
9o = 0,406 g.cm™ Moisture class (:) f= /652 5/%
E, = 10805 MPa 1, = 5077 { | T = /20 = 1/%
E, = 56667 MPa 1.= 5483
1 )
Etr“ 9074 MPa
qQ; = 2 N/mm
-i - + -
o = 0,484 g.cnm Moisture class (:) Roofed outside clima-
E, = 15711 MPe 1, = 4565 <: te 1, = 5483
E, = 9071 MPa Moisture class (:)
By .= 576? MPa 1, = 5413 =
q = 2 N/mm
@, = 0,486 g.cm.-3 Moisture class (:) f = /65 L 5/%
E, = 15756 MPa 1, = 5157 { | 1= /20 % 1/%
B, = 66388 MPa 1= 6139




fh = 0,352 g.cm&3 Moisture class (:) Roofed outside cli- |
E, = 8556 MPa 1, = 3287 ) | mate 1, = 3186
By = 3683 MPa Moisture cless (2)
1 = 12,13.10°MPash 1, = 3849 )
t, = 4320 h
t3 = 168 h
qi = 2 N/mm
9 =1 N/mm
8; = 0,5 N/mm
@y = 0,356 g.cm ° Moisture class C:) y = /65;5/%
E, = 8401 MPa 1, = 4009 { | T =/20=1/%
1_ = 4182

E, = 43088 MPa
Ay = 2,87.10°MPa.n

t, = 4320 h
t3 = 168 h

ql = 2 N/mm
q2 = 1 N/mm
q3 = 0,5 N/mm

Moisture class

Roofed outside cli-

—_—
®

¢ = 0,391 g.om”

E, = 12872 MPa 1o = 3767 :> mate 1, = 3423
E, = 4617 MPg Moisture class (:)

11 = 9,23.10°MPa.h 1, = 4411 )

t2 = 4320 h
'ty =168 h

qi = 2 N/mm

q2 = 1 N/mm

q3 = 0,5 N/mm

o = 0,381 g.cmf3 Moisture class (:) ¥ = /65 E 5/%

E, = 12055 MPa 1, = 4534 { | 7= /20 -1/%
E; = 135126 MPa 1,= 4836

3, = 9,00.10°MPa.h

t2 = 4320 h
t3 = 168 h

ql = 2 N/mm
q2 = 1 N/mm
q3 = 0,5 N/mm

e et




3

P, = 0,484 goom Moisture class (3 Roofed outside cli-
E, = 15711 MPs 1, = 4026 —=| mate 1 = 4087
E; = 9071 MPa6 Moisture class @

A1 = 25,92.10°MPa.n 1, = 4714 )

t, = 4320 h

t3 = 168 h

q =2 N/mm

Q, =1 N/mm

a3 = 0,5 N/mm

qy =0

¢, = 0,486 g.cm'3 Moisture class V= /65 I 5/%
E, = 15756 MPa 1, = 4957 { |T = /20 2 1/%
E, = 66388 MPa 1,= 5118

Ay = 16,59.10%KPa.h

t, = 4320 h

't3 = 168 h

q =2 N/mm

q, =1 N/mm

93 = 0,5 N/mm

Q4 =0 ‘_

go = 0,391 g.cm"3 Moisture class @ Roofed outside cli-
E, = 12872 MPs 1, = 3881 ) |mete 1 = 3509
E; = 4617 MPa Moisture class @

Ay = 9,23.10°MPa.n 1, = 4570 >

t, = 3264 h

t3 = 0

q = 2 N/mm

qQ = 1 N/mm

Q3994 0

90 = 0,391 g.cm"3 Moisture elass@ Roofed outside cli=-
E; = 4617 MPe 1, = 4058 > |mate 1, = 3771
E, = 12872 MPa Moisture clsss @

A = 9,23,10%Pa.h 1, = 4792 >

t, = 1248 h

t3 = 0

q = 2 N/mm

q5 = 0,5 N/mm




TABL.4 Creep factor "kc:f according to our experiments for
Picea abies L.

Moisture class

Load-duration class

Conatant clime-~| Roofed outside
te f=(65 15)% t:(oH{j  climate

Long - term 1,24 4 3,27 . 3
/1,57 * /3,0/

1,21 ¥l 2,87 3

Medium - term /1,2/ /2,00/ *

Short - term 1l a1 1,16 x -

/2,00/ /1,5/

1
* according to Eurocode 85
3 :
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SUMMARY

The loadbearing capacity of thin-walled wood-based flanges in composite
beams can be reduced due to shear lag, buckling and flange curling. How-
ever, flanges in compression have considerable loadbearing capacity even
after the flange has buckled. The effective width concept which is well
established in the field of sheet metal construction can alsc be used in
designing wood-based board material with respect to buckling. This is shown
by an evaluation of tests carried cut at Delft. Design formulae for the
effect of flange curling are derived, and design criteria are proposed.

1. INTRODUCTION

In the field of timber construction, structural elements comprising thin-
walled components of wood-based board material have been used for some
time. These structural elements are characteristic for lightweight
construction, and it is expected that they will be used more extensively in

the future.

Typical examples are composite sections comprising webs of sclid weod and
flanges of board material. The webs may also be made up of components of
bhoard material and solid wood, see figure 1. However, owing to the small
thickness of the board material, there are a number of properties which
demand more accurate analysis if the material is to be utilised in the
optimum manner. The flange often has the duty of distributing load in the
transverse direction. In floors, consideration must also be given to the
stiffness requirement which determines the thickness of the flange. In
these structures it is generally only the shear lag in the board material
which limits the loadbearing capacity of the flange when the flanges are
very wide in proportion to the span of the beam. In other structures, for
instance in roof cassettes, the load distribution task may be of
subordinate importance and certain deformations may be tolerated. Finally,

Figure 1. Examples of compasite sections with thin walled components.



divect application of load on the flange can often be avoided, for instance
by application of the load over the web of the cowmpos sibe section or on the
bottom flange of the section. Flanges in compression may also he subject to
huckling. When the beam is curved, or becomes curved owing Lo the exlernal
load, the flanges are deformed inwards towards the neutval axis of the
cross section (flange curling), and the contvibution of the flanges Lo the
loadbearing capacity and stiffness of the box section ig therofore rveduced.

Tt is well known that thin-walled plates in compression have considerable
posteritical leadbearing capacity, i.e. the load can be further increased
after the critical buckling stress of the plate has been reached. This
favourable behaviour has been utilised for a long time, first in aeroplane
construction and since the end of the 19403 also in bullding construction,
mainly in thin-walled structural elements of steel and aluminium sheeting,
Tn the field of timber construction alse the posteritical loadbearing
capacity of buckled plate elements has been known. In oxder that this
phenomenon may be utilised to some extent, the coefficient of safeby is
slightly reduced in the structural regulations for timber in most
countries,

In accordance with the CIB Structural Timber Code /1/, it 1s permissible to
ukilise the posteritical loadbearing capacity. The code lays down some
values T@garding the effective widkh of the flange, but these va]u@ﬁ are
undifferentiated since neither the critical buckling load of the flange nor
its compressive strength ig taken into consideration. As far as Lhe author
is aware, the effect of these is reflected only in the Swiss timber code
SIA 164 {1981) /%/. It is however not known whether the rules in the code
had been verified For wood-based board materials when the code was

weitten., In /&/, which gives the background to the Swiss code, no reference
is made to this.

The research reports which deal with the buckling of wood-hased hoards or
thin-walled components in structural elements mainly cenfine them-selves to
determination of the critical buckling load, see e.g. /2/, [3/ and [4/.
While most structural rwgulation“ for timber struciures take account of the
fact that the loadbearing capacity of thin-walled flanges is limited due to
shear lag in the board material, there is no requirenant, as far as the
author is aware, that the effect of flange curling on the loadbearing
capacity of the composite section should be checkad.

Tt is shown below that the effective width concept in utilising the
posteritical region can also be applied to wood-hased thin-walled flanges.
Design rules are also given which take the effect of flange curling into
consideration., The effect of shear lag in wood-based board materials is

already well documented and regquires no further elucidation.

2. POSTCRITICAL LOANBEARING CAPACITY AFTER BUCKLING OF A FLANGE IN
COMPRESSTON

2.1 Definition of the effective width

The effective width concepl is well estahlished in the field of sheet wmetal

construction. The effective width bes is defined s0 that the following
relationahip holds (see fiqure 2):



b
g Ux(Y)dy - befoe

The formula which is most widely used at present for determination cof the
effective width 15 that determined empirically by Winter /7/ and later
somewhat modified in the AISI Code {(1968) /8/:

bEf _ V OCI' (1 - 0,22 l:}C]’.‘} (2)
b a : ‘7 o
e e

where ¢
c

r is the critical buckling stress
o is the compressive edge stress in the buckled state, see

€ figure 1.

Expression (1} is a develcopment of the formula according to von Karman:

b G
ef _cr (3)
a

b

Figure 2. Definition of the effective width be. The condition

b

é Gx(y)dy = befce must be satisfied.

According to this formula, the loadbearing capacity of g plate in
comprassion i3 not reduced until the critical buckling stress is reached,
while Winters formula takes account of imperfections which reduce the
loadbearing capaclty at compressive stresses which are lower than the
critical buckling stress.

2.2 Evaluation of tests carried out at Delft

Dekker et al (1978) /9/ carried out a test series on 100 sheets of

plywood loaded in compression. The object of this test serles was to
investigate whether the lincar buckling theory could be applied tc plywoed
also. In the following, only the data and results which are important with
regard to evaluation with respect to the posteritical loadbearing capacity
are glven.



The material iug the tests was Capadian Oregon Pipe Plywond, Select
Sheathing, Ext, o Two different widths, 600 and 400 mm, and two dilferant
3

nominal thicknesses, 8 and

.ri 0

“

i3 mm, were used. The aspecl ralio afb varied
hatwean O,% and 4,5%. One half of the test specimens were simply supported

on four sides, while the unleaded edges of the other half were sublected to
some restraint. Since there are no data regarding the degree of restraint,
these gpecimens are not included in this evaluation.

The test report sets out the neasured thickness £ of the test specimens and
their stiffpnesses Ny, Ny and Ny, which ave defined as follows:

I 1:.3
%

X 12(?vavy)

N
xy

The theoretical critical buckling stress can then bhe calculated as

o =k
or p, %

p 2
- VRN (4)
h't Y

with the buckling coafficient

m2 r uvk

Ao Am

whore m Is the rnumber of half wavelengths in the longitudinal dirvection in
the buckled state, Tt is assumed that in the transverse direction there is

= Sy f LY :
«, = sV w (6)

{‘i o ...w..‘.,..Eghz.m......‘._" ( '7 )

The critical buckling load Nep was determined for each test specimen in
accordance with Foguation (4) using the experimental stiffness values, Tha
experimental critical buckling stress was also determined by means of the
relationship between the load and the perpendicular displacement of the
plate. The critical load was defined by the peint of intersection of the
load axis and the extension of the practically straight portion of the
curve in the posteritical region.



The ultimate load Ny was also recorded for cach test specimen, but the
compressive strengths fo o and f. g0 of the sheets of plywood were not
recorded. In spite of this omissiopn in the investigation, it is pessible to
study the properties of the specimens in the posteritical region as shown
helow.

Tn the evaluation, only the specimens whose modified aspect vatios o,
according to Equation (6) are larger than 1 were used, The experimental
effective width of the test specimens in the ultimate state was determined

as

Pas %y

h T
where o &
1 -

in calculating the slenderness ratio o = Joa/opy, the extreme fibre
stress a. was put equal to the compressive strength fc,O or fcf90-

The compressive strength here is an effective value, i.e. plywood is
considerad to be howogeneous. In view of the uncertainty in determining
the experimental critical buckling stress upy past, the values oop eale
caleulated using the experimental stiffness values Ny, Ny and Nyy in
accordance with Equation (4 ) were used instead. When ooy pp)e and

Ocr, rest are compared in Table 1, it is scen that the latter exhibit a
consideraly larger scatter. In order to simplify calculations, the meab
values of each test series, set out in Table 1, were used. The slenderness
ratio o thus contains a small error which is however negligible.

Since the compressive strength of the plywood material had not beep
determined, both bes and o were calcoulated for several assumed values of
fe, mee Table 2. The vesults are set out in figure 3. Curves in
accordance with Fguations (2} and (3) are also plotted in this figure.

An estimate of the compressive strength of the plywood material can be made

of the strength values Ls approximately 0,13, This weans that the wmean
values are ca 2%% greater than the characteristic values, which
approximately corresponds to the 5&h percentile, Table 2 also sets out the
effective widths and slenderness ratios for the mean values of the
compressive strength determined in this way.

It can be seen that the experimental results are in good agreement with the
curves and that the results are not particularly sensitive to the choice of
the correct compressive strength. Most of the values lie above the curve in
accordance with Bguation {3) by von Karman. It is only for slenderness
ratios greater than 3,6 that there are values noticeably below the curve.
One reason for this may be that the value ouyp ea)e used is somewhat too
large owing Lo some errors in determining the stiffness values of the
plywood sheets. In test series 600/8 in which leoad was applied parallel and
perpendicular to the direction of the grain, considerably smaller critical
buckling stresses ogp pegy were measured. The corresponding slenderness
vratio o is then much higher, so that cven the lowest values of bag/b will
be very near the curve {(3).
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Figure 3. Effective widths determined using test results by Dekker et al
(1978) /8/.

In the other test series ocy cale is a little smaller than ocp test- In
these cases the value of the sienderness ratio is reduced to some extent,
i.e. the plots in the diagram are moved to the left by a small distance.
The difference is however small and has no significance.

2.3 Proposed design regulations

For large values of the slenderness ratio, there is very little difference
between the formulae according to Winter and von Karmdn. However, for
slenderness ratios near 1 and below, the difference is large. In the test
series under consideration there are no test specimens with slenderness
ratios as low as this, and it is therefore not possible to verify Wintexr's
formula in this region.

With reference to the procedure at present applied for sheet metal
structures, it 1s proposed that in cenjunction with design in the ultimate

limit state the effective width of thin-walled wood-based flanges supported
on two webs should be calculated as

b . =h for a € 0,67

O—
or T b‘/ L (4.0, 22\/ Tex for o » 0,67 (8)

where « =/ o ]G

e or

° l



TARLE 1. Mean values, standard deviations and coefficients of variation
for the test data. Only test gpocimens with «, > 1 are
inciuded,

h/tnom ﬂ{rmétjon N9 of ﬁpg:l acr,malc Ocr,te&t 9y i
of load cimens with 2 5 )
@ > 1 N/mm™ N/mmw N /mm™
% 507 5,20 13,00 8,01
400/ 8 I i 5 0,545 1,34 2,91 0,113
B 0, 109 0,258 0,224 0,014
% 172,11 12,26 19,03 11,97
400713 I 7 5 0,876 1,62 1,05 0,111
5 0,072 0,148 0,062 0,093
X 1,47 1,13 5,65 7,55
60078 i 3 5 0,176 0,234 0,522 0,035
B 0,120 0,207 0,097 0,005
X 514 5,21 11, &8 12,7
GO0/ 13 f 4 % 0,16 1,06 1,66 0
& 0,032 0,203 0,140 0
X 4, 1% 4,44 9,74 7,178
400/ 8 L 5 g 0,488 0,937 0,466 0,129
5 0,117 0,211 0,048 0,017
% 10,82 12,76 16,86 12,724
400/13 A 5 5 0,576 1,36 1,39 0,152
& 0,083 0,107 0,083 0,012
X 1,51 1,073 4,72 7,85
600/8 A 3 5 0,087 0,158 0,544 0,551
8 0,064 0,147 0,115 0,070
X 4,66 5,26 10,23 12,37
600713 L 3 5 0,099 0,108 1,069 0,058
&

0,021 0,020 0,104 G, 005




Experinental affective width Do and slenderness
vatio o for different values of the compressive
strength fﬂb-

L/

Dirvaction i b

nom o el
N/ me 5!

0f load

o

20 0,650
95 0,520
30 0,433
21,7 @) G, 600

40078 I

20 0,952
24 0,761
30 0,634
17,0 2) 1,119

400/13 I

20 0,782
2% 0,226
20 0,188
21,7 &) 0,260

600/8 !

20 0,5%4
0% G, 475
30 0,396
17,0 @) 0,699

600713 i

15 0,649
N 20 0,487
2% 0,390
6,7 @ 1,851

40G/8

15 1,177
20 0,643
25 0,675
7,9 &) 2,130

400713 A

10 0,472
15 0,315
20 0,236
25 0,189
6,7 @) 0,705

600/ il

15 0,682
20 0,517
25 0,409
7,9 &) 1,295

GO0/ 13 A

1,996
2,232
2,445
2,074

3,685
4,120
4,513
3,842

1,974
2,207
2,417
1,819

1,901
2,195
2,454
1,271

1,121
1,360
1,520
0,855

2,576

) Estimated mean strength according to /9/.



When theve is a glue joint between the flange and the webs, b is put egual
te by, 1.e. the cleay distance between the webs. For nailed or screwed
connections, b o= by by where ty is the thickness of the web.

figure 1, the strengths of the [lange
and welr materials > normally di rent. When the compressive ptrength of
the flange material is lower than that of tho web material, o, in the
above formula is put egual fo the compressive strength f.o0f the [lange
material. When, on the other hand, ultimate stress in the web is reached
before this ocours in the flange, o, is put egual to the compressive edge
stress which obtains in the flange. Investigations on sheet wetal
structures have shown that the formula &ccnrdinq te Winter vields good
acouracy in the altimete Iimit state while it is conservative for lower
loads, see e.g. [f11/, [/12/ and /13/. Pending the availability of test
results for wood-based boards, it is proposad however that the above
formula should also be used for stresses which are lower than the
compressive strength.

In a composite section gcoording

Thin-walled flanges which are supported along one edge and have a frec edge
also have postoritical loadbearing capacity. For wood-based flanges no test
results arve available at present. Tt is vpropesed thevefore that the
posteritical loadbearing capacity should not be utilised in such cases

The compressive strength of plywood is normally quoted as loadbearing
capaclity per upit width (E.ﬁ. N/mm) . The value of £, can he obtained by
dividing this value by the 11tkneoﬂ of the plywood.

It is proposed thal in determining the critical buckling stress oggp,
simply supported conditions should be assumed unless a more acourated
investigation is carried out. Full fixity is very difficult to achieve in
sheet metal structures. However, restraint has a favourable effect in the
posteritical region also. This was shown in /11/ for hinged supports. When
thin-walled flanges are bonded to solid wood webs, restraint is likely to
be very effective. Tt is therefore proposed that some restraint should be
permitted in determining o, if the degree of restraint can he
ascertained.

In conjunction with design for the serviceability limit state, it is
proposed that £ in the above expression should be replaced by the actual
compressive stress in the flange. Imperfections which can give rise to
vigible buckling already in the suberitical region can be allowed for in
this way.

3. FLANGE CURLING

In a curved beam, ox» beam which becowes curved owing to the external load,
components of force which are directed towards the neutral laver arise in
the arxially loaded flanges (figure 4). These forces cause both the flange
in compression and the flange in f@ncion to curl inwards towards the centre
of the secticon {figure 5). When this deformation of the flange becomes
excessive, the loadbearing cay aziiy of the composite secbtion as a whole is
affected. The Swedish Code for Light CGauge Metal Structures, StRK- NS /14/
specifies that deflection shall not exceed 5% of the depth of the cross
section in order that flange curling may be ignored in calculating the
loadbearing capacity.
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Figure 4. Forces in the flange of a curved bean.
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Figure 5. Curling of thin walled flanges.

The inward force component may be determined as {figure 4)

o oftdm
17738
. _ 1T M
With df = rdp and — = —— , we have
r E.I
L h
r EbIb
and with 0p = 7 2 we finally have
b
. szt
475



where 7z is the distapce between the neutral layer apd the midplane of the
flange {figure 5). The moduli of elasticity of the web and flange in a
conposite section are usually different. Conventionally, this is taken into
consideration by e.q. putting the modulus of elasticity of the web oqual to
By and using a modificd flange arca ip calculating the second moment of

are a T)y, of the composite section.

This load canses the flange to deflect, and wnder simply supported

conditions the value of this at the widpoint of the flange is

where {EI)}¢ is the flexural rigidity of the flange in the trapsverse
direction of the beam.

Substitution of (%) vields

5 i

.‘M.J.mm o e e et mem e { *} () )
184k o
184 Sy (II)f VA

‘_i ey

In the same way, when the web is fully restrained, we have

In box sections with solid webs and glue joints between webs and flanges,
full fixity can probably be assumed. When the webs and flanges are joined
by mechanical fasteners, the degree of restraint i very uncertain, and
Eaquation (9) for the simply supported case should be used.

For open sections, i.e. where the secticen comprises only a compression on
tension flange which iz honded to the web, the degrees of restvaint depends
on the torsional rigidity of the webh. It should be posgible to make use of
some fixity by taking the mean value of Equations {(10) and (11).

In the same way as in StBK-N5, the following is proposed as the limiting
value of the maximum flange displacement where this nust be taken into
copsideration:

i = {) ; 05 h
max

where h = hy + t  for a box section

and

ho= by +
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When the maximum displacement of the flange exceeds upay, this must be
allowed for in calculating the second moment of area of the composite
section. Approximately, the effective distance between the flange and the
neutral layer of the cross section is

Z = Z

£l

DO
=

See figure 6.
(a1 [ Y

= ===

Figure 6, Effective cross section when flange curling is taken into
consideration.

When the loadbearing capacity of the flange is reduced due to buckling ox
the effect ¢f shear deformations, the displacement u of the flange for the
mean stress in the flange is determined as ’

When the flange is in the ultimate limit state, the compressive edge stress
in the flange, o, is put equal to the compressive strength fe.
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thﬂ- nofmal stresses in the lower flange/element/centrsl line,MPa
i

-

B,, -normal stresses at the web edge,MPa

G -normal stresses in extreme fibres of the flange,MPa

b
ot
o
@

. hy h .
= - - helgh ion zcnel
he= 3 7 ( 5 G.) height o tension zone

hy = ~height cof the web,mm
hb ~thickness/height/of the flange ,mm
L -—.span of the beam,mnm
. - I8
D, -gross moment cf inertia of totsl cross-section,mm’

-area of the flange cross~section,mm
ji -moments of inertiz of compenents cf the cress-saciicn
in relation to teh flange cross-section gqb
!

Kk ~modulus of jcints filexibility asccording to PN-81/B-C3150C

] Kal

E - MoLaid Cz
m .
]

€4 ~3istannce between connectors brought to cne series,un

elasticity, Pa

03]

~

B;Theoreticalranelysis'cf effect of joints flexibility on
distribution of normal stresses and deflections of bent

* cempound bars.

a/Initial eguation,
The subject to research is a bar of an I cross-section,compcund
frem three elements,symetric in relaticn to its longitulinal
axis/fig;1/,but,this research cah a2s well refer fo a bar of a
rectangular cross-section,as 2 particular case of an I-section.
From the point of view of statistics, the bar is a free-ends beam,

The bar has joints evenly distributed on its whole length,
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A5 a basis to consideration the method

of A.R.Rzanicyn has been applied/1/.

According to this method it is pcssible
to determinate values of shear forces

\
R

v

—
i

T cceurring in junction planes cf a2 com-'
pound beam,by aid of the following
system of differential eguaticns

7

i

R AHTA + A'LZT:Z tooo tANTH + Ayp
&4 : i
]
—g; =A21T4 +A?_2|Q_ ... +A2ﬂ tn +A2.0 [4]
- i .
Iéil FEA Ut ATt L s Y AnaTh TA L,
" '

in a general case particular egquaticns,e.g. for
k= of this Joint having the ferm '

Ie

= Ak,k™1 TK."d + A g+l

in which:

% _
) TK = J'UK d.x
]

cF AektnTe+n *r Ako

-~ “2tal shear ferce in k-th joint acting
seftward from the section x-x

2
_ A 4 L Ve
AKKFAKEK " Akf-tgﬂﬂ l Y
- . Ve Vg~
ARk S TE T TREy
4 Ve Uy (21
N = - - S
KA A +1Eirq ~EJ _
= o - - o
Ao == Ne _ Nicws M Uy
AeEy P Ere 2 E)
blz , Pﬂ;’ -external load in form of axial forces and
bending moments in the most general case
£ -coefficient of rigidity of joints subject to

shear of N/mm2 dimension



On Fig.2 there ls shown a secticn ¢f the bar under examination
with marked shear forces T,substituting acticn of rejected joints,

the system of equations/1/ will resolve itself to two following

differential equations.

a :
Ti =t (A44T1 + DqgaTo +1A4o)

[
| ~_element 1 !
T Ry -
-y, element 2 " %]
L elemen hs
:__ .;U‘ ) . __: TQ_ = & (Ag'de + Angg +AZG)
: Vo | Z2 To ;;J_: - :
1 tYgelement3 = where
3 | y 2
_ e o 4 + 2
L= D™ AR, T ALE, T ZE]
Fig.2.The section
‘ 2
_ 1 U~
of the bar. A A e
| . wESMETNE T EEY
Taking advantage cf symmetry conditions,the equaﬁion/f/ can be
resolved to one differential eguaticn in the fcrm:
ta]

T”=Eng + EAC

in which: 2
- 4 A
= - -t

5\ A44 + Ao 14'4E ZEj

MOU‘" '

A= - o

2 ED

A,1 ~-cross-section of the flange

For the symmetrical cross-secticn

v, =V, =\

In the basic systeﬁ in place cf rejected joints there were taken
forces T,so calculating stresses they can be determined like for
the basic system/of multiple.beam without joints/ plus stresses

caused by forces T.Let us assume that the tctal contracting

force T,equal to one in the section where is the peint"A",arcuses

in this point the stress ©mp -59 the total stress in the point"A"

will be:

6=6,+T6;



and since in a monolithic beam T=Ty,

80 E=Lw+t Tﬁsr

“hence '
£ -

and substituting it to /5/

_5=5w+(gm+6wﬂ%i

~and introducing marking
' I .
T, =Y

we will receive finally

BB (1-y)+ Bmy

4.Determining value of coefficients - designating the degree of

collaboration of ‘elements of cocmpound beams, for meore important

patterns of 1oads.

a/Beam.  ldaded with 2 force crucenirate’ ir the micdile of

- B T
- L’)Two

b

P-Q

L

-+
i

~H>

Sdlving the equation/h/ because of the unknows T / total shearing

force/and making use of boundary conditions/for x=0 T=C.

end x=L/2 T'=0/ we receive:

v = 2% _ o shax shAabh
‘ L Ak shilL
iwhen x=L/2
‘ y = g -3 )\L(-sh {‘21')2
S shxl
where o
. \ V?fTET



b/Beam loaded with a force concentrated,applied in any distance
from supports.
o L-a

‘% L o
7 1

Proceeding- similarly as préviously we can determine values of

coefficients designating degree of+collaboration of elements,
which in the given case will have the form:
For the left-side section of the beam / x < a /
v o=~ LohA(L-a)shAx
¥ = (L-a)AxLanA (L-a)chkov,ﬂ-gsh?to.;:;h?\(!_-a)]
For the rightehand side cof the beam / a < x< L /
W= - _LeshxashX(L-x) |
Aa(L=x)[shA{L-al)chac + shAachA(l-al]

c/Beam lcaded with two forces concentrated applied symmetrically

& & ,
-Jrf 0. —— L-Cu 1 o —F
T

71_

Coefficients designating the degree of collaboraticn cf elements
will have in this case the form:

For the segment between the support and concentrated force
A x<a |/ |
. y chh (b -a)shdx -
Y1 =1 Snalenn] by ~alctghAay + 8hA (L -] AX
For the segment between concentrated forces/s a < x<L~a /

Yo = e ch (Lrg =x)
- 7\0,[;ch}\{i./2-cz,) ctghra +8h(t2-al]

'd/Beam with unifermly dlstrlbuted load on its whole length,
Cocefficient designating the degree of colilaborsticn of elementﬂ
has the form

v _ A 2 |e shXx
" x(L=~x) _"EF ch Ak

s ' '
+ e - fi) + 1
when x= L/

LP ""“(iuz [e#%—( th 3}} + 4 )A_. 4] + 4



5. Analysis of changeability of the coefficient ‘1’/ lengthwise of beg_msf_
and results of experimental verifying tests.

4
A0t o
of
wf
o7t
Yy
0% 3
il Results of calculation: Results of experiments:
for AL=10,72 ——— for AL=10.72 & -y calc. for Gy
au AL= 890 —— AL= 8,804 r n G,
' AL=6098 — — o 1 16y
Q. ALz 5,04 —-— o ] 1 Ss
AL=8698n vy B
] < ok b Bs
AL=504 o 1 noa,
m- l 1 l | i F ri 62
1 .
¢ /s L4 Yok b Yol K 7N L

Fig.3.Graphs ¢f changeability of the ccefficient y for
beams loaded with forces concentratedrih the middle
cf the span, _

On the fig.B there are shown graphs presenting values of coe -

- fficients Y ,designating the degree of ccllabcration of elements
in cross-sections placed lengthwise beams,loaded'with_concentrated
forces in the middle of the span. '

The graphs have been made for beams of different parameters A L
The parameter A takes into account the number and elasticity of
used joints .and configuration'of the cross-section.

On the fig.k there are shown similar graphs for beams losded

‘with force concentrsted in any distance/a/f?om the suppert,

"and on the fig.5 with two symmetricalyy applied forces also in
ahy'distance/a/ from the supports. _

Verification experimentai tests have been executed feor the case
of these forces being situated in the distance a = 4/4
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Fig.5.Graph of changeability of the ccefficient  for a beam
- loaded *symmetrically with twc cencentrated forces,



6 .Results of calculations taking intc account an effect cf
various parameters on the degree of ccllaboration of elements A/

| On the fig.€ there are shown graphs ilustrating changeability
of coefficient { on the length of beams with different ratic
1/h for beems with uniformly distributed lcad,whereth-height cf
+otal cross-secticn ' |

Y
A0 L Lnz2%5.600=128 | : |
OS/ % t/r=128(Al=8T) ] |
T s s |
08 Pt e Hhﬂ\j‘kxn
07 i L/ =G4 (AL =h45) M
/‘ I
O e : L\'-~--_
J/ | ln=4BNE3 T
Ow i —H.-—_-_‘—h-_“"'—-..
04
loky - L.
- y=— 2(e25h7\>< 141
02 X (L - Ch -ZT
04
o L/g L4 Bal L2 5L 4L /gt L -;

Fig.6.Graphe of changeability of the ccefficient |y for a bean
with uniformly distributed lo ‘

d.

(D

On the fig.7 there have been grapns illustrating changesbility
of *he coefficient * cn the ength of beams cf different
flexibility of joints The graphs have been mede basing cn
calculatlon regarding beams of a constant cross-secticn and
length and w1th the same pattern cf leoad- with force |
concentrated in +the middle cf the span.

The graphs glven in the Fiz.8 i1lustrate the effect cof the place
~of appllcatlon of 2 concentrated force on the chracter of chﬂrge#.
ability of the coefficient Y in besms loaded with a force concefi-
trated in distances a= 1/8 , 1/4, 1/3 and 1/2 '
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7. Conclusion.

V:

Basing on performed experimental research and theoretical
analyses,one can state that the degree of collaboration of elements
in compcund beéms with elastic joints,determined by the.coefficientiy
depends first cf all on the following parsmeters:

-« length of rcds

~xind and number of jeints determined by the ccefficient £

- pattern of the cress-section

« character of load

The grezter rigidity of used jecints,the more similar in its werk
under lcad is the beam to a monclithic one.

Ccmparative calculations have proved that:

" -formulae PN-81/Bw03150 reflec* correctly distributicns of nermal
strecses 1n crosse-section situsted in the nidspan of beams bent

with evently distributed lczad,

-in case of loading with force concentrated in the midspan,
normal stresses computed thecretically'surpass by about 17%
these computed by aid of nerm formulae, )
-grapns of the index varizbility lengthwise the beams/Figures.,..../
show,that still greater divergences are to be expected in case

where concentrated forces will be applied near supports.

REFERENCES

1.A.R.Rzanicyn, Tieoria sostawnych strditielnych anskrukcji.
Strojizdat /1948/ '

2.A.A.Pikowski]j,Statika stierzniewych sistiem so szatymi
. elemientami.Fizmatgiz,Moskwa/1961/

3.P.F.Pleszkow,Tieoria rasczetz dieriewiannych sostawnych
stierzniej.Gosizdat,Leningrad/1952"



_—13.-.

L ,H.Granholm,Om"samansatta balker ochpelare med sarskild

hansyn-tiil apikade trakonstruktionen.Goteborg 1949, Sweden.

5.A.Hoischeh,Beityag zur Berechnung ZuSEmengesetZter Vellwandtri-
ger mit elastischen Verbindungsmitteln.Technische Hochschule
‘Karlisruhe 1852, '

&.M8hler «++s,Versuche mit den Holzbau,1964,Forschritte Forschungen.

7.%W.Schelling,Biegung nachgiebieg verbundener,zusamegesetzte
Biegetri#ger in Ingenieurhclzbau.Karlsruhe 1268 .Tech.Hecchschule,

£, Z.Mielczarek,Okreslerle stopnia wspdipracy elementdw w dcizkano~
zginanych drewnianyc- pregtach zXczonych poigezonych ne gwozdzie.
Archives of Civil Er n.Polish Academy of Science.Vol.XI,IV 4935

G. Lombardi,Giovani,Der .isamengesetzte DrUCkstabe.Schweizérische
" Bauzeitung 1951,Eeft Z.



CIB -W18A / 22-11-1

INTERNATIONAL COUNCIL FOR BUILDING RESEARCH STUDIES AND DOCUMENTATION

WORKING COMMISSION W18A - TIMBER STRUCTURES

CORROSION AND ADAPTATION FACTORS FOR CHEMICALLY AGGRESSIVE MEDIA
WITH TIMBER STRUCTURES

by

K Erler
Wismar College of Technology

German Democratic Republic

MEETING TWENTY - TWO
BERLIN
GERMAN DEMOCRATIC REPUBLIC

SEPTEMBER 1989



CORROSION AND ADAPTATION FACTORS FOR CHEMICAILY AGGRESSIVE
MEDIA WITH TIMBER STRUCTURES

By Dr. sc. techn. Klaus Erler, lecturer
Wismar College of Technology, Wismar (GDR)

1, Objective

The calculation of the loadbearing capacity of new timber
structures or the check of that of old timber structures will
be accomplished & few years hence in all Buropean countries
by adopting the limit states method. In this connection, the
most important outside influences are being taken into con-
sideration by applying adeptation factors, e.g. the kind and
Guration of the stress and strain (loading or action), the
moisture of timber as well as adaptation factors for chemi-
cally esggressive medle. The last-mentioned influence is in-
cluded hitherto only in a few regulations (specifications)
like - for instance - in the Polish Timber Construction Code
/1/. Also the draft of a CLEA Code /2/ is indicating some me-
dia and their degrees of aggressiveness to timber; however,
only a limited number of medizs is being mentioned and no adap-
tation factors are being referred to.

The aim of the studies and investigations described herein-
after is to clarify corrosion processes and rates with timbex
components for the relevent aggressive media. Conclusions may
be dravn therefrom concerning reductions for the design (di-
mensioning). It is particularly important from the nationsl-
gconomic point of view to determine and check with which in-
fluences an insignificant corrosion is occurring.

The determination of the influence of chemically aggressive
media on the loadbearing capacity of timber structures with
long service-life periods and different conditions of utili-
zation shall be supported by documentary evidence.

The objectives consist in

. enabling a statical check of o0ld sitructures with regard fo
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the corresponding degree of damage done to them, and

. taking into comsideration in the case of new planning and
design activities (projects) the reduction of the load-
bearing capacity by means of scientifically ensured adap-
tation factors.

In this connection, relevant influences such as air humidity,
¥ind of the acting medium and cross-sectional dimensions of
the timber components concerned must be considered and applied
when determining the adaptation factors.

2., Corrosion with timber

Timber is & corrosion-inert building maeterisl which is one of
the reasons why building constructions {structures) made of
timber have a longer service life with corrosion-promoting
influences such as high air humidity or/and aggressive media
than structural components and members made of steel or con-
crete.

For instance, such conditions are prevailing in the chemical
industry, in agriculture and in fertilizer storage halls,
There, the use of timber provides a significant national-
economic effect. Since also timber is corroding though - even
if very slowly -, it is of some technical and economic inte-
rest to debtermine the corrosion processes, conditions and
rates,

Definition:

The term "oorrosion" in connection with timber has not much
been used hitherto. It is only of recent years that this texm
is starting to preveil even with timber for dameges and fell-
ures due to chemical substances. - The definition being re-
commended is as follows:

"Pimber corrasion is the damage or destruction of the timbex
gstarting from the surface due to the chemical and/or chemo-
physical reaction in an interaction with its environment'.
The fuct that the term “iimber corrosion® is commencing to
prevail slso within the scope of the standardization of the



Page 3

ClEA countries is demonsirated by the draft of the code as
mentioned under /2/. A distinction being important in the
case of timber must be drawn with regsrd to damages caused by
detrimental organisms, the so-called "biological oxr bilotic
corrosion®, In concrete construction, "biogenic corrosion" is
being defined - e.g. under /3/ - as "damage done to building
materials by chemicael conversions starting from the surface
with the participation of microorganisms".

This implies that also there - like with the other types of
corrosion - formulations reading "sterting from the surface"
and “"with the participation of chemical reactions" are deci-
sive in the definition. Therefore, ithe inclusion of timber
damages caused by detrimentsal organisems (wood insects, wood
fungi)in the texrm "timber coxrosion" is being rejected by the
author since on the one hand the destruction is not in general
starting from the surface and proceeding to the inside and on
the other hand no chemical reactions are participating in the
timber component with damages due to insects' biting. Thus,
the terms of "biotic damages", "attacks by fungl or insects"
or "dry-rot" used hitherto for this purpose are relevant and
should be adhered to.

Y P o G oy oy s Bt St I o o (et e g bl o dma

Timber is in a state of an almost perfect chemilcal equilibrium
with its natural environment. This is the reason why its ser-
vice 1life with a normal air humidity is very long. Timber is
offering a high resistance even to major chemical attacks. It
becomes a suitable congtruction engineering material - also
for an employment in the chemical industry and in agriculture -
owing to its resistance to acid fumes, to cold and hot solu-
tions of neutral and acid salts as well as to diluted acids
and bases. However, over long periods of time and with & strong
chemical action (attack) also with timbexr a corrosion is oc-
curring. This destructive action is starting from the surface
gnd is proceeding only slole towards the inside.
The factors playing a decisive or determinant part with the
corrosion of timber and the types of corrosion are summarized
as & block diagram in Figure 1.

- Pigure 1 -
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Concerning the types of corrosion, the explanations ere as
follows:

ko e v e s e s iy A T W oy S e b it s R e e T v e By b ey e S M et e ot A Mk s e i B e T e S S e

The hemicelluloses end subseguently the lignin are being de-
graded by the majority of agents earlier and more extensively
then the cellulose., This knowledge is being exploited on a
large scale in the produétion of paper and cellulose. Due fo
the structure and the composition of the wood, heart-wood is
being degraded much slowlier than the sap-wood, and in gene-
ral the rate of destruction is decreasing with en increasing
depth (as from the surface). Softwood is being destroyed slow-
lier then hardwood by the majority of chemical agents, in par-
ticular by lyes, though.

- Mechanical destruction

e oy Bi P W RS S S W L S T e ot s o 0 T

Due to the sorption property of wood, from the environment in
the form of high air humidity, of gases and solutions and also
of dissolved salts an upiake of water is taking place which
results in o swelling or - with a moisture decrease - in a
volume reduction of the cell substance. VWith a frequent al-
ternation of such processes or with an incorporation of highly
hygroscopic matters, the destructive action (effect) is in-
creasing and physical changes in the cell substance are the
result. The considerable swellings snd penetrated crystals are
destroying the cell bond or cell walls., Thus, for instance,
also the strip~shaped detachment of timber in salt storage
halls must be attributed mainly to the above-mentioned action.

- —— .-

This is a process of the extraction of substances - e.g. of
minor constituents such as minerals, resins, alcohols, starch
end the like ~ by water, in particular at high temperatures.
There, chemical and physical processes are involved. In prac-
tice, this is taking place in chemical works, e.g. with con-
tainers (tanks), floor coverings and the like, With building
constructions (structures), the leaching phenomenon 1is appear-
ing seldom and only with a corresponding production technology.
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The agpressive action on timber is mainly subject - according

to the state of aggregation of the medium concerned -~ to the
Tollowing:

. with gaseous media - kind, concentration, air humidity;

. with liquid media - pH velue, concentration degree of dis-
sociations
. with solid media ~ kind, solubility in water, hygroscopicity,
pH value in solution, air humidity.
So, the influence of chemically agressive media on timber com-

ponents is a multifarious one and can be determined and recor-
ded only with some difficulties since

. the media may occur in the different states of aggregetion
(solid, liquid, gaseous),

. the number of kinds of the media is large,

. the degree of damage is considerably é@ependent on the xind
of timber, the moisture of timber end the chemical protec-
tive measures.

[Reibonsiesmsipe i e —— o van s . —

of agents acting in an aggressive way on timber; they are as
follows:

. brown or dark-yellow colouration advancing from the boundary
zones (cases) into the interior of the cross sections;

. increased percentege of timber moisture in the boundary (case)
areag or regions;

. incorporation of salt crystals or residual acid lons;

. separation into fibres up to powdery decomposition of the
wood substance near the surface;

. detachment of wood strips along the boundaries of the annual
rings under certain conditions;

. reduced strengths in the boundary zones (cases).



3, New studies and investigations

Studies and investigations concerning the influence of aggres-
sive media on timber are being accomplished somewhat more fre-
quently only of late; mostly they have been carried out under
laboratory conditions by means of faultless (sound) small test
specimens and for selected individual parameters. Selected pa-
pers to be mentioned in this context are the references /4
and /5/ with regard to the influence of geseous media as well
as /6/ and /7/ with regard to liquid media.

In addition to the tests and experiments performed by means of
small timber specimens and with the concentrated action of ag-
gressive media in the laboratory, of recent years the chemical
and mechanical changes have been determined by studying and
testing timber components sampled from buildings or structures
which are exposed to a high aggressive siress and strain (Losd~
ing). Such studies and investigations are included in the re-
ferences mentioned under /7/, /8/ and /9/.

The types of desitruction (decomposition) of the cell substance
have been analysed to a great extent. The depths of penetra-
tion of the media, the rate of destruction and consequently
the decrease in loadbearing capacity with component cross sec-
tiong shall be described hereinafter.

4, Selected results and findings of studies and Investigations

The corrosion of timber under the influence of different che-~
mically aggressive media is being dealt with in /7/. Both la-
boratory tests with a storage in various solutions and inves-
tigations using timber specimens sampled from loadbearing sys-
tems of buildings and structures in the shemical industry snd
the potash industry as well as from fertilizer storage halls
have been carried out. .

Hereinafter, relevant resulis, findings and information will
be presented. |
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4.1. Depths of penetration of the acting media

Timber structures in industrisl works or in agriculture are
frequently being subjected to a change of the chemical compo-
sition by the penetration of agents such as salts, acids or
bases. The pH-value is a significant characteristic index for
evaluating the depth of penetration of such agents, their ba-
sicity end thus also their destructive action as to timber.
The determination of different pH-values in timber cross sec-
tions by areal moistening is too inaccurate since thus no dis-
tinct boundary (limit) lines and no exact pH-values can be de-
termined., The atomizing application (spraying-on) of a uni-
versal indicator solution by means of an atomizer renders it
possible to determine different pH-values and - as colour
boundery lines - the depths of penetration of agents into the
timber. Due %o the discolourations (stainings) taking place,
the pH-value of the penetration renges can be defined with an
adequate accuracy through a compearison with a colour scale or
chart. Checks and verifications being chemically tuned or syn-
tonized to definite agents can be accomplished by means of
special indicating reagents which are also being sprayed on.
They are an extension and - in particular in such cases where
the agent has a similar pH-value like the natural wood = an
exact possibility of detection (verification). For instance,
this becomes obvious in the detection with regard to the fer-
tilizer of ammonium sulphate.

Examples for depths of penetration of acids, bases and salt
solutions subject to the storage period can be found in the
paper indicated under /6/.

The cross sections of timber components from buildings which
have been exposed to a chemical influence for many years are
in general showing & discolouration of the boundary reglons
(cases). Said discolouration or staining is with the majority
of media dark-yellow to brown dbut anywsy darker than the in-
side cross—sectional areas. It was to be clarified whethex
and to what extent the widths of the discoloured or stained
boundary areas can be used to draw conclusions concerning the
strength or to estimate the loadbearing capacity. For this
purpose, removed square timber components -~ mainly from build-



- Figure 2
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ings and structures of the potash industry - have been studied
and tested with regard to the following:

. meagurement of the widths of the zones of discolouration;

W determination of the depths of penetration and quantities of
incorporations of the agents, with the latter being pexrfor-
med by means of a spectral analysis using a flame photometer;

. determination of the flexural strengths through the cross-
sectional width by separetion (parting-off) and testing of
thin disks or slices in the Dynstai-~type machine.

Pigure 2 is illustrating one example with zones of discoloura-
tion, measured depths of penetration and salt content percen-
tages,

For instence, with this cross section the selts penetrated in-
to the timber on all sides to & depth of 32 mm on an average.
Mhe limit of discolouration can be found at 23 mm, & greatl
number of square timber disks and of test cores sampled by
drilling in situ has been investigated in this way.

The results and findings of the evaluation (interpretation)
can be described as follows:

(1) The zones of discolouration caused by the penetration and
' incorporation of chemicel egents - in particular of salts

are en indication ox symptom of the incorporation. The
width of discolouration is dependent on the air humidity,
kind of medium and duration of action.

(2) The zones of discolouration can be found at the whole pe-
) rimeter (circumference); they are similarly wide at the
latersl edges as well as at the top and bottom side.

(3) Por instance, the limit of discolouration isg forming with

a percentage of the incorporation of salts amounting - on
an average =~ 10

0.85 % with KC1i,

1.30 % with NeCl.



~ Figure 3
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(4) Phe widths of the zones of discolouration amount to 20 mm
on an average with a period of occupation of the building
concerned totalling about 60 years. However, the scatter-
ing is fairly considerable subject to the place of 1in=-
stallation, the quantity of deposition and the air humi-
dity.

(5) The depths of penetration with pine sapwood timber are

considerably larger than with spruce timber!

(6) Strength tests are clearly demonstrating that the 1imit
of discolouration is no limit or threshold of a conside-
rebly strength-reduced boundary reglon; however, the de-
crease in strength is commencing as from this limit.

4,2. Changes in strensth of the timberx

Also with a view to determining the change in strength - using
to this end almost exclusively the flexural strength of small
end large test specimens ~, both timbex rods after thelr sto-
rage in aggressive solutions and timber specimens sampled from
building consiructions which have been expdsed to an aggres-—
sive loading {(stress and strein) for several decades have been
tested. Tests of such & type - where it is possible %o cut out
small slices from cross-sectional disks of removed timber com-
ponents, to test them by means of the Dynstet-type machine as
to their flexural strengih and subsequently to provide infor-
mation end data concerning the strength distribution within

& timber component - have been performed for the first time

to & larger extent. In particular, this approach has been ex-
tended also to test cores and thus an exact statement (infor-
mation) concerning the strength distribution was achieved with
a fairly small expenditure by adopiing a low-destructive me-
thod.

Figure 3 is illustrating one example by showing the strength
distribution of the test specimen S 1.

Conformities with natural law (theoretical interrelationships
end principles) have been deduced from more than on thousand
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measured values. Thus, regression functions could be lald down
for the strength developments from the cross-sectional boundary
into the cross-sectional interior. & good adaptation to the
measured values was achieved by means of logarithmic functions
ags follows:

6b=A+B-t+C-1n(t)

where Cib is the bending failure streés, in N/mmg, and
t is the distance from the cross-sectlonal boundary,
in mm.
Figure 4 is illustrating one example of measurements performed
with test core glices sampled from structures of the potash in-
dustry.
- Figure 4 -

The parameters identified as significent for the change of the
flexural strengths are the duration of the action or influence
-~ that is the period of occupation of the buildings concerned -
end the air humidity prevailing in the buildings, and accord-
ingly evaluations (interpretetions) have been accomplished.
Thus, the regression curves as shown in Figure 5 for the fle~
xurel strength with different ages (i.e. perxiods of occupation)
of the buildings and different sir humidities have been deter-
mined from seversl factories of the potash industxry /7/.

- Figure 5 -

With all conditions, a considerable strength reduction can be
detected in fairly narrow boundary zones (cases) whereas al-
ready at a depth of 10 to 15 mm almost the values of undamaged
timber are being obtained.

Based on comparison calculations, the following theoretical
principles and interrelationships have been realized:

Subject to the duration of action (period of occupation of
the building concerned)} and to the prevailing air humidity,

a largely damaged and considerably strength-reduced boun~-
dary zone {case) is occurring.

The interior regions are nearly corresponding to undamaged
timber. With considerations in terms of the loadbearing ca-
pacity of corrosion-demsged timber components, the assumption
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of a corroded boundary layer with the width & being unable
to support load any longer can be taken as a basls, The
determination of the corrosion product layer thickness d
is resulting from the point of intersection of the mean-
value straight line of the 0.75-fold flexural strengihs in
the interior, undemaged region with the mean~value line of
the flexural strengihs in the boundary region. The deriva-

tion can be found in /T7/.

5. Determination of the corrosion product layer thickness a

by meang of a diagram

Such strength developments have been determined and evaluated
by using more than 100 cross sections, namely with beam disks
or slices and test cores. Inasmuch as the air humidity eand
thus the conveyance of the salts and of other apgressive dions
into the timber cross sections is decisive for the corrosion
rate, three air humidity ranges with corresponding corrosion
rates and thus different corrosion product layer widths d are
being defined as follows:

Humidity Alx humidity . - o aa
range (Fb) %) y) Occupation of the building
o 1 <65
Fp 2 65 to 85 Industry with dissolution end
impregnation processes;
_________________________________ sbeble facilities _____ .. _
v 3 >85 Wet rooms, industry with a

high production of steam o
vapour, open crude salt sto-
rage facilities (wearehouses)

Pigure 6 is showing a swmary result of the tests and investi-
gations performed with specimens from the salt industry.

-

-

Here, the increase of the corrosion product layer thickness d
over the increasing period of occupation of the building con-
cerned (corrosion rate) with different air humidity renges is
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plotted. This grephic representation (diegram) is broviding
the following infoxmation:

(1) The development of the corrosion rate is not a linear one
but shows small values during the first 15 years, is then
increasing to & greater extent - among other things due to
the hygroscopicity of the salts already stored or incorpo-
rated -, and is after that - as from a period of occupation
of abvout 40 years - diminishing again. This meens that the
corrosion rate is decreasing as from a duration of action
of about 40 years.

(2) By using this diagrem (graph), the corrosion product layer

’ thickness & can be determined when evaluating the loadbear-
ing capacity of timber structures for definite periods of
occupation and air humidity ranges. The timber cross sec-
tion must then be reduced circumferentislly by the width
d, and thus the checks of the loadbearing capaclty are {o
be accomplished.
In Figure 6, as an example of a bullding with a service
1ife (period of occupation) of 60 years and the air hurml~
dity range Fb 2 ( P = 65 %0 85 %) - teking into accoumt
the shredded, woolly surxface - a boundary layer (case)
having & thickness of d=6 mm and being no more eble to
support load can be found on the ordinate.

Concerning this, design (dimensioning) aids are available with
the author for selected c¢ross sections.

6. Adaptation factors for covering the influence of chemi-

celly aggressive medis

Hitherto, the corrosion and thus the reduction of the load~
bearing capacity of timber structures has hardly been talen
into considerstion. An exception to this is the code mentioned
under /1/. When preparing expert opinions concerning the re-
sidusl loadbesring capacity - e.g. of halls or sheds in the
potash industry -, only lump (i.e. flat-rate) reduction fac-
tors at a subjective discretion were belng chosen.

Based on the paper mentioned under /7/, en algoxrithm end adap-
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tation factors for covering the influence of chemically aggres-

sive media on timber components are being proposed. The algo-

rithm (see Figure 7T) is covering the necessary characteristic

velues as o the occupation of the bullding concerned as well

as the approach to the determination of the adaptation factor.
~ Figure 7 -

Phe aggressiveness of the media has been determined on the ba-
sis of the tests and investigations - in particular of the
reduced cross sections - as conditioned by the corroded boun-
dary zone {(case) not being able to support load. In this con-
nection, ranges (grades) of aggressivity have been defined.
With regard to solutions, PFigure 8 is showing some significant
mediza.
- Figure 8 -

With gases, vapours and granular materials to be stored, the
air hunidity is playing an imporitent part. Therefore, gselec~
ted gases and solid media are being assigned - with the air
hunidity ranges as mentioned hereinbefore - to stress degrees
(BG).

The determination of the adaptation factor Yrm4 is being ac-
complished by means of the siress degrees (BG) to be drawn
fyom the tables following hereinafier and subsequent to this
by means of the table concerning the cross~-sectional areas of
the timber components.

Stress degree (BG) Explanation
BG T not or slightly aggressive
BG IT moderately aggresgive
BG IIT heavily aggressive

The assignment (grouping) of the stress degrees BG according
to the corrosive action for gaseous, liquid end solid medis
is ag follows:
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- Gaseous media

————————————— Table 1
Medium Concentration Stress degrees BG with
moisture grades (FK)
FK 1 g 2 FX 3
formaldehyde . I I T
ammondia - I I I
sulphur dioxide 0.2 to 10 ngl I I I
10w 200 ¢ I IT IT
nitrogen oxide O.1 " 5 " L I I I
nogH5 oM I IT T
»25 " IT IiT T
hydrogen chloride | 0,05 " 1 " 1 I I I
1 vo1q0 M I IT Iz
>10 ° iT IT IT
chlorine 0,02 " 1 " | I I T
1 no5 0t I IT 1T
>5 1T IT 1T
- Solutions

v . 1 iy S —

The permenent contact of eggressive solutions (acids, bases,
salt solutions) with structural components is occurring sel-
dom,

Salt solutions: BG IT

Strong acids and bases: BG ILL

Expert opinion is required in the individusl case concerned.

- Solids
"""""" Table 2
- s Stress degree BG with | Examples
liedium FX 1 FEK 2 FK 3 Function of the
building/structure
potash fertilizery T 1T IT BG I:
urea I IT iT . production in the
potash indusiry
finished product
storage facilities
superphosphate,} T T -1
sodium chloride BG II:
ammonium sulphate I I I . crude salt sto-
rage facilities
with FX 2
. fertilizer sto-
rage halls with
PK 2
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The stress degrees BG together with the groups for the dimen-
gions of the timber cross seciions are resulting in the re-
quired adaptation factors for the influence of aggressive
media (see Table 3 following hereinafter).

-~ Adaptation factox ]f%4

Table 3

Cross-gectional Tactor
Stress degree (BG) dimension of the a*
' timber components mé

BG I 1.0
< 90 cm 0.75
BG 1T < 300 cm 0.85
2 300 cm 0.95
< 90 cm 0.65
BG IIT < 300 cm C.75

2300 cm 0.85

WVith the stress degrees BG II and BG III, the minimum dimen-

gion of the timber components should be 40 mm.

Timber cross sections of pglued lamineted timber are showing
an even more resistant behaviour than solid timber with the
majority of media.

7. Swnmary

The corrosion of timber components when exposed to a chemi-
cally aggressive influence is being describved with the evalu-
ation of new results and findings of studies, tests and in-
vestigations., In general, timber as duilding material is more
resistant to the majority of chemical agents than steel and
concrete. The significant'parameters for the intensity of the
corrosion with timber are being indicated. The destroyed boun-
dary zone (case) of the width & which is assumed to be no
longer ablé to support load is being determined subject to



the duration of action (period of occupation of the buildings
concerned), to the kind of medium and fo the air humidity.

Bagsed on the description, the depths of penetration of the
agents and the reduced strengths can be deltermined, Subsequent
to the testing of specimens sampled from the timber structure
concerned - e.g. test cores -, it is possible to exactly de-
termine the boundary zone (case) being no more able to suppord
ioad or to draw en epproximete value for same from a greph
(diegram). The residual loadbearing capacity of existing
structures or components can be checked and verified by means
of the timber cross sections reduced by d.

Tn the draft of the new GDR Code "Timber Construction - Load-
bearing Systems" adopting the method of limit states, for
timber the most significent agents have been assigned to ran-
ges (grades) of aggressivity, and siress degrees have been de-
fined accordingly. Subject to the stress degree and to the
cross—-sectional dimension of the timber component concerned,
adaptation factors for the influence of aggressive media have
been fixed.
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Figure 1 Corrosion complex in timber with the actlon of
chemical media
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Figure 7 Algorithm for the determination of the adaptaiion
factor as to the influence of chemically aggressive
media
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Figure 8 Decrease of the loadbearing caepacity in bending
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mm after 2 and 3 months of storage in selected so-
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1. Introduction

With a view to defermining the influence of the girder depth on
‘the bending strength of glued laminated timber, experimental
investigations and tests are being carried out. It i1s the objec-
tive of these tests and investigations to find out data and in-
formation concerning the application of the "depth dependence™
modification factor ki (depth factor) for glued laminated timber
(abbreviated hereinafter referred to as: BSH in German or GLT in
English, respectively). -

2. Objective of the experimentsgl investigations

Due to the interrelation or comnection between the girder depth
and the bending strength of GLIT girders which is yet obscure,
experimental investigations are required. Publications by Ehlbeck
and Colling (see the bibliographical references /1/ end /2/) are
verifying that in the case of GLT girders with which the failure
was to be attributed to a key-dovetsil connection or "finger
joint" (abbreviated hereilnafter referred to as: KDC in English
or KZ. in Germen, respectively) no dependence of the bending
strength on the girder depth could be determined. The bending
strength of the GLT girders was within the oxrder of magnitude of
the tensile strength of the KDC.

Thus, according to this the introduction and spplication of a
so~called *depth factor" seems not %o be justified.

The bending strength 6f GLT girders is being influenced by two
independent faotors, i.e. the timber strength and the KDC

- strength. _ '

4 stricter visual sorting is not influencing the KDC (or "finger
joint*) strength. ’ _
‘Only & mechanicel sorting based on the bulk density or the modu-
lus of elasticity of the boards is likely to provide increased
KDC sfrengths as well. , -

Below the girder depth of 500 mm, the bending strength of the
GLT girders being free from KDCs in the zone of maximum flexural
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tension is decreasing (see /1/ and /2/).

Above the girder depth of 500 mm, there is no considerable de-
crease in bending strength. ’

With GLT girders the KDCs of which are failing, no interrelation
petween bending strength and girder depth is being determined.
Tests showed thet GLT girders the KDCs (“finger joints") of which
were feiling had about the same bending strength with a girder
dqpth of *330 mm as girders with a girder depth of 1,000 mm.

Schine /3/ has investigated and tested the following two types

of GLT girders:

fA) girders being prov1ded with e KDC within the zone of maximum
” Tlexural tension;

(B) girders with which the zone of maximum flexural tension is

’ free from KDG.

With the type (A) girders, the failure of the structural component
was elways occurring within the KDC ares. The mean bending strength
of the GLT girders is approximetely equal to the mean tensile
strength of the KDG. Cdnsequently, a streng%h-increasing over-
lapping effect to be expected due to the KDC staggering cen there-
fore not be verified /3/.

Since in the menufscture of GLT girders at the glued wood constr- '
uotion'enterprises the location or position of the KDC ("finger
joint") is & random event end the average length of the machined -
boards is hardly emounting to more then 2 metres, already with
girders having a length as from ebout 6 metres the type (4) pattern
is the normal case. ' ‘

However, elso with shorter girders the probability is very large
that KDCs (“flnger Joints“) are located within the heavily stressed
zone., .

Therefore, from the aspect of the real production of GLT.girders,
the application of the ndepth factor? is rejected and the fensile
strength of the XDCs is being regarded as the decisive feature.

Peking into account the data and information iddicated in the
publications concerned with regaxrd to the dependence of the bend-
ing strength of GLT girders on their depth, specific experimental



s#u&ies and investigations are being accomplished. In this con-
" nection, the following two grades of glued laminated timber are
being considered (see Figure 1):

YBSH O'—type GLT
<~ the layers of boards are being gorted visuaelly;
-~ the position of the key-dovetall connection (KDC) ig random.

"B3H M 3"-type GLT

=~ the layers of boards are being sorted mechanlcally,

- the KDC ("finger joint") is located within the zone of maximum
flexurel tension.

2} Description of the test specimens

3,1, QLT girders of the “BSH O"~type grade

Tor the short-term tests, the "BSH O"-type gilrders as shown and
. described in the Figures 1, 4 and 5 are being used.

The layers of boards of the "BSH Q"~type glued lamlnated timber
girders consist of sawn coniferous timber (pine) and are being
sorted visually according to the knottiness into, the quality
class GK II as follows:

- individual knots according to Figure 2j
~ gccumulations of knots according-to Figure 3.

The glueing (bonding) of the layers of boards with one another
" as well as of the KDCs (“finger joints") is being performed by
using & "Plastasol L 47 N"-type phenolic resin bonding adhesive.

The posi%ion (place) of the KDC is at random. The key-dovetall
("finger joint") length is 20 mm. The distance of the KDCs (dove-
£6il staggering; in German being abbreviated as KZV) between the
1st end 2nd layer of boards (see Figure 4) 1s being guaranteed
with en amount of KZV = 250 mm.

The equilibrium moisture of the layers of boards after the manu-
facture amounts to W =& 12 %.
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3.2, - GLTAglrders of the "BSH M 3"~type grade

For the short term tests, the "BSH M 3"~type girders as shown

and described in the Pigures 1, 4 and 6 are being used.

The layers of boards of the "BSH M 3"~type glued. laminated tim-
ber girders consist of sawn coniferous timber (pine) and are being
sorted mechanically according to the modulus of elasticity in
bending and to the xnottiness into strength classes as follows:

~ external layers. (see Figure 1) are falling under the strength
clags ¥ 11
(E £ 9,500 N/mm®; individual knots accordlng to Figure 2,
goccumulations of knots according to Flgure 3; see /4/)s

- internal layers (sée Fxgure 1) are falling under the strength

class B ITT
(E 2 7,000 N/mm individual knots sasccording to Figure 2,
sccumulations of knots according to Pigure 3; see /4/).

Decisive for the allocation to a strength class is the unfavour-
able velue of one sorting parameter.

The glueing (bonding) of the layers of boards with one another
as well as of the KDCs ("finger joints") is being performed by
using a "Plastasol L 47 W'-type phenolic resin bonding adhesive.

As aﬁgeneréi'principle, a KDC ("finger joint") .is being arranged
in layer 1 (being the lowest girder layer - the tension layer -3
see Figure 1) within the test zone (see Figure 4).

The key-dovetall ("fingexr") length émounts.to 50 mm. The distance
of the XDCs (dovetall staggering; in German: KZV) between the 1st
end 2nd laye¥ is being guarenteed with an amount of KzV £ 250 mm.

The equilibrium moisture of the layers of boards after the manu-
facture amounts to W=12 %.

4, Tesgt procedure

With a view to achieving & zone being free from transverse for-
_ces, a four-point loading 1s being selected for the test arxange-

ment of the GLT girders (see Figure 4).



The results end findings from studies and investigations performed
by using structural timber (see /5/) are showing that - in order
to avold shear failures - the ratio of the flexural stress EF

to the shear stress ‘?& shall be 22 whereas for a shear 1nf1uence
of about 6 % the ratio of the effective span 11 to the specimen
height h shall be 15,

With these prerequ131tes prevailing, the 1ength of the test zone

1, is being designed as 1, = 4 h /5/ (see Figure 4).

The load i& being applied b& incrementé in such a way that the
failure will occur after a loading period of 3 fo 5 minutes.

The tests are being carried out at an ailr temperature of T = 20 OC,
& relative alr humidlty of y; 65 % and a timber moisture of

W= 12 %.

The glrder deflection U is being measured at the central position
of the effective span by means of a dial gauge. -

5. Test evaluétion

5.1, Bending tests by using "BSH O"~type GLT girdexs

The test results are indicated in Figure 5.
The following two types of fallure are'diétinguished:
4) tensile failure in the KDC ("finger joint") within the test
' zone Loy layer 1 (seg Flgure 4);
B) tensile failure iﬁ the knot or timber within the test zone 12,
-~ layer 1 (see Figure 4). '

For the failure type 4, the mean values of the bending strength

fm meen &%e not showing any dependence on the girder depth (see
L] . 7

Pigure 5).

Foxr the failure type B, the reduction of fm mesan is occurrlng up

to h = 608Tbut no longer beyond this depth.

The characteristic value of the bending strength (5%-quantile)
f i Was obtained from the Gauss normel distribution by conversion
my

from small to large rendom sample numbers /6/.
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With the characteristic values of the bending strength fm kr &

reduction is occurring for the failure type A up to h = éOS nm

‘and no more beyond that (see Pigure 5).

As for the failure type B, the reduction is also occurring up to
= 608 mm and no more beyond that.

5.2, Bending tests by using “BSH M 3W=~type GLT gifders

The test resulits are indicated in Figure 6.

With the mean values of the bending strength fm mean? B° reduction
is occurring up to h = 608 mm in the case of the falure type A
whereas & reduction cen be perceived in the case of the failure
type B. ‘ .

_Similar findings are being obtained with regard to the characte~
ristic values of the bending strength f . as well. '
. ’

5,3, Eveluation of the results and findings

The insignificant number of random samples as well as the infer-
potion of different influences are only admitting of a limited
statement, '

Nevertheless, from the data and particulars included in the bi-
bliography end based on our specific tests and investigations the
following tendency becomes apparent:

With the cherascteristic values of the bending strength f Jk? a
~ reduction is occurring for the failure type A with "BSH O"~type
-glued leminated timber up to h = 608 mm and no more beyond that.

’An explanation concerning this méy be as follows:

According to Bhlbeck /2/, with a XDC (i.e. key-dovetail connection
“or "finger joint") the tensile strength esmounts to 80 % of the
bending strengths :

Ty,0,0k581 ™ 048 T xprj
In the case of one doveteiled layer of boards pure flexural

stressing with the corresponding‘bending‘strength £,y 18 pre-
veiling whereas in the KDC (“finger joint") with en increasing



depth of girder also tensile stressing in addition to the bending
stress and strain is occurring.

With a layer thickness of 32 mm, the KDC is quasi being stressed
only just by tension es from a girder depth of 608 mm (see Figure
7).

This would be an explanatlon of the phenomenon why the dovetail
("finger") tensile strength becomes decisive and the "depth fac~—
tor® is being eliminated beyond h = 608 mm.

Addition tests and investigations for the failure iype A within

the range of h = 608 mm are still required in order to provide
fox o finel statement. The available small number of random samples
does not yet pexrmit .to come to a conclusion,

6., "Depth dependence" modification factor ¥y, for glued laminated
timber ("depth factor")

With e view to determining the modification factor k), the mean
values of the bending strength fm meen of “BSH O"=-type glued la-
minated timber are being applied (see Figure 8).

‘The experimental depth factor is being celculated according to
Figure 9 (equation (1)) for the failure types A and B subject %o
the volumé ratio V / V and the depth ratio h / h and is being
entered foxr the failure type B into the Flgures 11 and 12. In thils
comnection, the volume amounts to V=1b * h? 1 (with 1, being

the effective span).

The regression anaiysis results in very emell correlation coeffi-
cients r (gee Figure 10) for the failure type A.

This . meens that there doesn't exist any depth dependence for the
failure type A. :

As for fallure type B, significant correlation coefficients are
existing (see Figure 10, equations (8) to (11))

They are Verifying the depth dependenoe of the bending strength
for the heavily stressed zone being free from KDC ("flnger joints")
(failure type B)
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The obtained regression equations with the highest correlation
coefficients r from (8) and (9) are belng entered into the Fi-
gmws11am12. ‘

Furthermore, the theoretical depth factor kh theor. is being cal-
culated according to Colling /T7/ for the fallure type B subject
to the volume ratio according to Figure 9 (2) and (3) and is being
" entered into Figure 11. One can see that the theorétical depth
factor curjs +s developing below the kh depth factor curve being
determined as a result of the test values.

A comparison of the depth factor determined from the test values
with the k~Value according to the Eurocode 5 /8/, Amnnex 2, page

110 -
_ 200 » _ 1 .
ky = (""h) = ( 7 )0.2 (12)

results - with equal depth ratios h / hy = almost' in a conformity
(see Figure 12). : ‘

Te SUNNEBTY

Phe evaluation of the bibliography {(publicetions) and our own
specific tests and investigations performed by means of glued
laminated timber girders are demonstrating that for the falure
type & (KDC (“"finger joint") fallure within the stressed zone)
there doésn't exist eny interrelation between the girder depth
and bending strength. '

'As for the failure type B (knot or timber fallure within the

‘heavily stressed zone), & Statistically covered and verified

interrelation between the stressed volume or girder depth and
the bending strength can be determined.

The tests are verifying the depthffactor a8 indicated in the
~ Burocode 5 for the feilure type B. :
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BACKGROUND

Cold setting phenol-formaldehyde resin was introduced in
Sweden after the second world war, but it was not until the
end of the 1950s that the resin was used for wood structure
purposes to any larger extent. In 1965 two buildings with
cold setting phenol-formaldehyde resin in steel reinforced
glulam beams collapsed. After these collapses and after the
risk of fibre damage from the acid hardener of the glue had
been realized, the use of the resin type in glulam was
stopped.

The investigations into the two collapsed buildings
indicated that the reason for the collapses was very poor
craftsmanship in the part of the manufacturer, possibly in
combination with fibre damage from the acid hardener of the
resin,

This resulted in an investigation, in 1966, of buildings
delivered by the manufacturer, revealing poor glulam beams
in 25 out of 42 inspected buildings. The manufacturer went
into liguidation. After 1966 no major cases of damaged
glulam beams of this kind were reported until the late
1980s.

Due to the sudden collapse of a school'gymnasium in February
1988 attention was again drawn to buildings with cold
setting phenol-formaldehyde resin in glulam beams.

A project to investigate the problems concerning buildings
with cold setting phenol-formaldehyde resin in gliulam beams
was initiated by the Swedish National Testing Institute (SP)
and the National Board of Physical Planning and Building.
The project was financed by SP and The Swedish Council for
Building Research.

AIM AND SCOPE

The project had two main aims; to find the buildings with
cold setting phenol-formaldehyde resin and to establish
methods to determine the present and future safety of these
buildings. This included:

- localizing the suspected buildings

- determining the present condition of the buildings

- determining whether the beams contain phenol resin or not

- determining whether the damage is caused by acid attack
or by some other factor

- finding out the circumstances under which damage occur and
the factors that influence the process

- establishing whether the glue contained the right amount
and type of acid when the beams were produced

- establishing a method to determine the life expectancy of
the buildings.



THEORETICAL BACKGRQUND

Fibre damage

Fibre damage in wood glued with cold setting phenol-formal-
dehyde resin is caused by a hydrolization of the cellulose
molecule. The hydrolysis breaks up the molecules into short
segments, which greatly reduces the strength of the wood
fibres close to the resin. The glueline strength is greatly
reduced and the glueline can be broken up either by external
load on the beam or by internal stresses caused by shrinking
and swelling.

Fibre damage will in the following mean the loss of strength
of the glueline rather than the actual hydrolization of the
cellulose molecule.

Effect of the acid hardener

Cold setting phenol-resin is hardened at a low pH-value. The
acid hardener is used to lower the pH-value of the resin in
order to start the reaction, but it is not consumed in the
chemical process. When the resin has hardened, the acid is
still more or less free in the resin [1}. The free acid in
the resin acts as a catalyst for the hydrolization of the
wood close fo the glueline,

Factors influencing the damage process

The acid content of the resin influences both the initial
quality of the glueline and the hydrolization process. A
higher acid content lowers the pH-value of the resin. A
lower pH-value makes the hardening more rapid and can lead
to a higher degree of cure. Rapid hardening makes the risk
of prehardening higher. A higher degree of cure makes the
glue more brittle. A higher acid content makes the concen=
tration of acid in contact with the wood higher, and thus
the hydrolization process is accelerated.

The glueline thickness affects both the initial glueline
strength and the damage process. Shrinking of the resin
during hardening can lead to stresses within the joint.
Higher concentrations of acid enhances the danger of fibre
damages [2].

The hydrolization of the wood consumes water and thus the
damage process is influenced by the moisture content of the
wood. Water might alsc have an effect in the transport of
acid out of the glue [1]. Changes in moisture content in the
wood cause internal stresses due to shrinking and swelling,
which can break up weakened gluelines.

Like all chemical processes, the hydrolization of the wood
is accelerated by higher temperatures.



LOCALIZATION AND INSPECTION

Inventory

An inventory made during the inspections in 1966 revealed
128 objects with beams sold by one {now liquidated) manu-
facturer [3]. The 1966 inventory list was used as the basis
for an inquiry from the National Board of Physical Planning
and Building to the local housing committees of the
municipalities about buildings suspected to have phenol
resin beams.

As a result of the inquiry, and through the aid of current
manufacturers of glulam beams in Sweden, the 1966 inventory
was updated,

One building containing phenol resin beams in the study was
investigated as a result of damage observed in 1987.

Inspections and sample collection

Inspections have been carried out on 17 objects with a total
of 27 buildings.

In addition to the inspection of buildings, samples have
been collected from an additional 6 objects with 6 buildings
by other organisations for analysis at SP,

Method of inspection

The beams were inspected visually. Visual flaws such as
cracks in the gluelines, traces of water damage and biologi-
cal attack were recorded. Special care was taken to localize
repairs of earlier damage or attempts to hide improper
fabrication of the beams.

The dimensions of the beams, lamellae and lamellae-joints
were measured. Measured values were compared with data from
constructional drawings, when available.

The depth of cracks in the gluelines was measured with a 0.1
mm feeler gauge. The length of the cracks were measured with
measuring tape where possible. The end of a crack was
defined as where it was no longer wide enough for the gauge
or where it was too shallow to make the gauge hang by itself
when stuck inte the crack. The lengths of cracks which were
out of reach were estimated visually.

Possible existence and position of steel reinforcement bars
was determined with a metal detector. Moisture content was
measured with an electric moisture meter. Sagging of the
beams was measured with a tensioned string.

A cross mouthed chisel was used to take samples from the
gluelines for analysis at the laboratory of SP.



The glulam beams of one of the buildings inspected had been
investigated in 1966, during which a map of open gluelines
had been made. When the building was inspected again in 1988
a new map was made. The two mappings made it possible to
study the growth of glueline damage during the period
1966-1988,

Determining the condition of the buildings

The present condition of the buildings was judged from the
result of the inspection and from laboratory analyses of
samples from the beams. The judgement was based on the
following factors:

- size and location of cracks in the gluelines

results from laboratory analyses of glueline samples
location and estimated quality of lamellae joints
calculation of stresses in the beams according to
modern practice.

Results of inspections and sample analysis

General condition of the buildings

Of the 27 buildings inspected, 20 had visual damage in
phenol resin gluelines, 2 had seemingly intact phenol
gluelines and 5 did not contain phenol resin in the beams,

The samples that were sent in to SP by other organisations
from 6 buildings revealed damaged phenol resin gluelines in
one building, while the other 5 did not contained phenol
resin. The results of the ;nspectlons and the analysis of
the samples are summarized in table 1.

Table 1. Results of inspections and sample analysis.

Beams with visual Beams without visual
damage in gluelines damage in gluelines

Phenol- 21 buildings 2 buildings
formaldehyde

resin

Other 1 building 9 buildings
resins

Of the 21 buildings with damaged phenol resin gluelines, two
were being rebuilt, two had permanent bracings and 15 were
judged to be in need of repair.

14 of the 15 buildings in need of repair were judged to be
in danger of collapsing if snowloads reach the code values.



0l1d and new damage

The damage in the gluelines could in four cases be shown to
be of different age. Some gluelines had been open when the
beams were delivered from the factory while others were of a
later date.

Plastic wood in the gluelines showed that some gluelines had
been open when the beams were delivered from the factory.
Traces of water running across wide cracks, cracked paint
and repairs of known date showed that the damage had
occurred after the erection of the building.

Comparison of the maps of cracks in one building revealed a
dramatic increase in damage between 1966 and 1988, see
Figures 1 and 2.

Figure 1. Cracks in gluelines, mapped 1966,

Figure 2. Cracks in gluelines, mapped 1988. The top of the
beam has been covered with insulation.

Climatic influence

It could be expected that the location of visible damage
would be influenced by climatic factors. Information exists
on the climatic conditions around the beams for 13 objects
with phencl resin:



- 8 objects had sericus damage and had been exposed to
running water or high relative humidity.

- 2 objects had sericus damage without having been exposed
to water. Both of these had been exposed to high tempera-
tures during long periods.

- 3 objects did not show serious damage. None of these had
been exposed to water or heat.

The results confirm that the climate has a strong influence
on the damage process.

Fibre damage test

Fibre damage tests according to the principles of DIN 68 141
were conducted on spruce (picea abies) testpieces glued with
cold setting phenol-formaldehyde resin and resorcinol-phenol
resin,

Resin mixtures

The cold setting phenol-formaldehyde resin was of the same
formulae as the glue that had been used by the manufacturers
in Sweden when the damaged beams were produced. The resin
was produced specially for this project by Casco-Nobel AR,
Test assemblies were glued with varying amounts of hardener,
see Table 1. A cold setting resorcincl-phenol resin was used
to glue reference assemblies.

Table 1. Mixing ratios of phenol resin.

phenol-formaldehyde resin 60 % para-toluene sulphonic acid

{parts by weight) (parts by weight)
100 12

100 10

100 9

100 8

100 7

100 6.2

100 5

Four test assemblies were bonded for each glue mixture, two
with thin gluelines and two with thick gluelines. The thin
gluelines were bonded with a gluespread of 300 g/m2. The
thick gluelines were bonded with 0.6 mm veneer spacers. Six
testpieces where made for each test assembly and each
massive piece of board.

Aging of test pieces
The test pieces were divided into three groups. Each group

consisted of five testpieces from each board, two with thin
glueline, two with thick glueline and one solid test piece.



One of the groups of test pieces was stored in 20G°C 65% RH
and the other two were aged through a cyclic treatment in a
climate chamber, 4 cycles and 8 cycles respectively. Each 48
h cycle consisted of 3 periods, see Table 2,

Table 2. Cyclic treatment of test pieces.

Period Duration Temperature Relative humidity

{hours) (°C) (%)
A 24 ‘50 100
B 8 10 100
C 16 50 20

Tensile testing

The tensile strength perpendicularly to the glueline was
determined at a crosshead speed of 2 mm per minute. See
Figure 3. Maximum tension force was determined and tensile
stress calculated. T

Figure 3, Tensile strength test according to ASTM D 143.
Correction for density

The density was calculated for each test piece. The tensile
strength values were compensated for density by means of
multiplication with a density factor: Cy.pejty-

Average density of all bonded test pileces
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Cdens ity ©
Density of test piece

Skorr T Cdensity X Otest piece



Elimination of defective testpieces

Values from testpieces with knots, ring shake, missing glue
and similar defects were sorted out.

Results of the fibre damage test

The fibre damage test on thin gluelines showed no particular
reduction of the tensile strength after cyclic treatment.

The thick gluelines showed a reduction of tensile strength
after cyclic treatment in relation to the uncycled test-
pieces for all concentrations of hardener., The loss of
strength increased rapidly as the amount of hardener
increased over the recommended amount of 6 parts hardener to
100 parts resin. Figure 4 show the tensile strength after 4
and 8 aging cycles compared to the tensile strength of
uncycled testpieces.

Retative strength

2. ik 4 cycles ~ B cycles = = =~ -+ -
B cycles » @ cycles ¥——«
2 DN T
1%} 3 ia 15
Parts hardener ~ 188 parts resin

Figure 4. Relative tensile strength for thick phenol-
formaldehyde resin gluelines after cycling.
Average strength of cycled testpieces divided
by average strength of uncycled pieces.

The resorcinol-phenol glue showed no loss of tensile
strength after aging, see Figur 5.
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Figure 5. Average tensile strength of resorcincl-phenol
gluelines, uncyclied and cykled.

IR-analysis

Information from interviews stated that the manufacturer of
the majority of the damaged beams might have used other
acids than the recommended to harden the resin. Use of other
types of acid could greatly affect the damage.

Analyses with infrared spectrophotometer were conducted on
material extracted from samples of 3 objects to establish
what kind of acid had been used as hardener. Two of the
objects had beams with unknown acid hardeners while the
third was known to have para=-toluene sulphonic acid (PTSS)
in the gluelines. The analysis showed that the samples had
been hardened with para-toluene sulphonic acids.

XRF-analysis

The presence of large amounts of sulphur atoms in the
gluelines was used to determine if the glue contained acid.
The sulphur was detected by means of energy dispersive X-ray
analysis (XRF),

Samples of gluelines were split and an XRF-analyser was used
to determine the spectras of the glueline surface and the
back surface of the sample. If the comparison of the two
spectras showed high levels of sulphur in the glueline in
comparison with the pure wood, then the glue contained acid,
Figure 6 show the energy-spectra of a glueline with cold
setting phenol resin. The method can be used on rough
surfaces of varying shapes, and thus avoiding expensive
preparation of the samples.
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Figure 6. XRF-spectra of gluelire with phenol resin.

SEM/EPMA-analysis

The distribution of acid across the gluelines was determined
from the sulphur atoms with a scanning electron microscope
equipped with a frequency dispersive X-ray spectrometer
(SEM/EPMA) . The analysis was carried out on samples from the
fibre damage test and on samples from inspected buildings.

The results show a spread of sulphur out from the glueline
during the cycling of the test pieces., Several testsamples
show a relatively constant concentration of sulphur for a
distance from the glueline and out rather than a rapid
decline. This would indicate that the acid spreads into the
wood faster than it is extracted from the resin. See
Figure 7,
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Figure 7. Acid distribution across a glueline before and
after cyclic treatment. Acid content: 12 parts
hardener to 100 parts resin. Thin glueline,

Analysis of field samples seems to indicate a connection
between the amount of acid in the glueline and fibre

damage. Samples from objects with severe damage tend to have
a higher acid content than samples from objects with less
damage, with some exceptions. See Figure 8,
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Figure 8. Acid distribution across gluelines of field
samples. Samples from buildings with severe
damage tend to have high acid content in the
gluelines,
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The scanning of gluelines gives a gualitative picture of the
distribution of acid across the glueline, but it cannot give
a quantitative measure of the amount of acid in the
glueline. However, a rough estimate of the amount of acid in
the field samples can be made by means of comparing the
field samples with the laboratory samples with a known
amount of acid. The comparison indicate that the amount of
hardener has in several cases been higher than recommended.

CONCLUSIONS

The results indicate that the damage in the beams is caused
by fibre damage from the acid hardener. In some cases the
effect of the acid attack has been aggrevated by a poor
original quality of the gluelines.

Climate has a strong influence upon the damage process, and
the process is accelerated by high moisture and temperature,

Gluelines with high acid concentration show greater damage,
but damage also occurs in gluelines with low concentration
of acid.

Cold setting phenolic glue can be detected by means of
energy dispersive X-ray analysis.

More research is needed in order to establish a method of
judging the life expectancy of phencl resin gluelines.
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dxperimental inyestigation of normal strecs

u

distribution in glue lamiazted wooden srcohes.

1. Introduction

14%. General informations

In Poland, during the pericd of the Sccond World War, there was zreat
devastation of wcods, ferests and decreasing of stonding timber as the
result of war activities as well as too 1ntvn31vc exploitation of timber.
That fact in turn hed its influence on buildirg trade profile in the pericd
of after war restoration, what was based first cof 211 on cement.

Timber a8 a scarcs materizl was regulated in disiribuition by state and it
could be used only in constructions of spall, rather temporary buildings,
for exomple in elements of builder’ s yards. The result was that, during
the several after war years, wooden comstructions were used in the very
limited range in our country.

Only about 20 years ago, Ministry of Building Industiry sitarted to act in

the direction of enlarzing the rabge of the uszge of wond and wood derived
materials in building trads. As the result of the activity a number cf
research works in this field was carried on and = factory of greai sizs
glued constructions as well as some number of houses factories wears arrengeda.

1.2. _Purpose of the_paper
According tc Polish bull

din
trade should be first teste
proper Resemrch Imstitutes.

ng law new constructions introduced in buildin
d and they should have certificatos issued hy

Through the ﬂTued woaden uors+ructlon ars very popular abrcad but in Poland

we started the task from testing and menufaciuring the stright shaped
elements.

The research works werc aimed not only on designating the limitary archs

load capacity but recognition of thelr bearing under differcnt loads especiall;
regarding the character and distridbution of normal stresses as w2ll as the
kind and size c¢f gtrains or eventual distartions.

Tc eliminote the influence of the research work "scale" it was plannsd 4o
cerry on the research works 4in natural conditions.

123« _The_rescarch works programme,.

For carrving on the researches, 4 srch with span 18.0m and constant section
120 x 496 mm, consisting of 1€ lzyers - 31 mm boards, were preparcd.

The archs used for carrying on the ressarch werks were manufactured by

The State Enterprise for Great Size Wooden Construction Production =t
Cierpice near Torut,



For gluing the board layers, they used resorcinol glue.
Each arch was tested in five following load cycles:

cycle First /I/ 0-0.5 S-O

where pd= admissible standard load of the arch = 21 KN

Cycle Second /II/ included the throe subcycless

ITA 0O - pg -0 in eack subcycle measurements of
ITB 0-p3-0 linesr strairs and stresses every 0.2¢
ITIC ~-p -0 p were done.

4

Cvcle Third /III/ 0~ 0.5 p =0

Cvcle Four /IV/ includzd the three subcycles

d .
IVA 2 ~p =0 in each subcytle measurements of
IV B 5 - nd -0 lincar .streins and siresses every
i 025 p were done

Ve 0 -p =0

Cycle Fifth /V/ was tie destructive cycle and in i% the arch was given the
characteristic load t© and staved under that load for 24 hours,

Next the arch was load ! until it was damaged, during that time the nezsurement
were dcne every 0.25 p°. The arch Nos 1, 2, 3 were demased under non-syrmetric:
load and arch No 4 uncer symmetrical lead.

2, Hyperimental testing

2.1¢ _¥ethod _of _tgsting  _

The arch loading was r iz by means of the ropes system going through rolls
and timbles as well er jacks used for the ropes tensioning.

Scheme of the =2bove m: tioned installation is shown on Figurs No.l
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For messuring the value of load transfered on the archs we used slectric
resistance dynamometers which were designed and tested in our Institute.

For measuring unitary linear exiensions the strain gauge bridse TT4 as
well 25 electric resistsnce sensors type RL 285/75 /k=2.15/ were usad.

Localization of sections, in which measurements were carried on is shown
on Figurs Wo.2 ‘

3lcl3'

L 18,0m

t
A‘_..

Fig.2. Scheme of seciion nyrangznent on the n-ch,where the unit linear strain

were measurasd.
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ement of sensors in thosz section in “the Arch Wo.1 is gshorm on Figure

nd the Arches Ho.2,3,4 srs shown on Pig.i.
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For deflections measuring the special device consisting of four parts was
mades Each part of the device included:

- stecl sleeve located on the testing stand plate

- steel cylinder put inside the sleeve

- gteel wire on which the cylinder was hanged on a crosspiece
fixed tc the arch,

The arch distorficn caused mevement of the cylinder inside the sleeve.
Value of the cylinder movement wes measured with dial indicators with the
read accuracy - 0,01 mm,

Scheme of the archs deflection measuring device is shown on Figure No.5

-

x-& X = 470cm y = 277,8cm
3-3  x =850cm y = 358 9cm
3-3  x = 950cm -y =358.,9cm
@-¢  x = 1330cm y = 277,8cm

| - steel sleesve

[l = steel cylinder
I} - steel wire

[V ~ crosspiece

Fig.5. Scheme of installation for the arch deflection
measuring &s well as arrangement of measuring points.



2e2. Repults of the testing

*
— — — . —

a/ Normal stress distribution in the L/4 arch.

The stresses were tested in different load cycles as well ag in
discharging conditions. '

Graphs fpr the average measuremenis values cbtairned during the
second /I1/ load cycle are shown below:

ITA+II 3+ 1IXC

/ /
2

in 27 - 2’ sectiorn /Fig.2/

The stiresses values i1n this cycle were caused by characteristic
standard loads TFigures Fos ©,7, 8 and 9 refers to the respective
arche Nos 1,2,3 and 4. On these graphs, results of theoretical
caiculations are marked with continuous line and the measuring point
/showing rasults of measurements/ are joined with dashed line.

Aoy
b/ irnGependences between load and siresses.

On figures dos. 10,11,12 and 13 there are Graphs showing  dependences
between load values "P" and normal stress values which appear ia
lower fibres of 2 - 2 and 2’ - 27 séctions during the second cycle of
loads. The Graphs on figures Nos. 10,11,12 and 13 refers to the
respective archs Nos. 1,2,3 and 4.

¢/ Interdependences vetwesn load and deflections.

- Cn figures YMos. 14,15,16 and 17 there are graphs showing  dependences
between load values and deflection values.
The graphis on above mentioned figures are made for 3 - 3 and 3’ - 3’
sections Aduring the second cycle of archs Neos 1,2,3 and 4 loads.

ted

.4/ Independences between locad values "P" from one side and stress values
as well as deflections from the otier side, during the fifth cycle of
loadse
The fifih cycle of loads was carried on until the arch Wo.4 destruciion.
On figure wo. 18 there is a graph showing interdependences between
loads and stresses in the outer lower fibres of 2 - 2 and 27 - 27
sections. Fig. 19 shows the graphs of interdependences beiween loads
and 3tresses of 3 ~ 3 and 3’ - 3’ sections.
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Fig.10. Graphs of relation between load "P" and stresses " & " in

Jower fibres of 2 - 2 and 2 - 2 ‘sections during the second

cycle of the arch No.1l loads .
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the areh No.2 loads.
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o Analysis of testing resulis

--...--—.-.—-

Relationship of the average normal siresses defined experimentally aurlng the
cycles IIA, 1I3 and IIC to the theoretically calculated stresses 1n
separate sectlouu was as follows:

3ection 1 -1 - 1,198
Section 2 - 2 -1, 118
Section 3 -3 - 1,130
Section 3F- 3? - 1,200
Section 2'- 27 - 1,069
Section 1. 117 - 1,324,

N

The deflsction values are given sumrarilly for all the archs in table lo 2.

The destruction power wes defined under unsymmetrical load.

Relationship of the average normal siresses

& oxp.: 6t for the cyclss II3, IIB ang IIC.

Section 1 =1 - 1,007
Section 2 - 2 - 1,101
Section 3 - 3 - 0,899
Section 37~ 3’ - 1,104
Section 2'- 27 - 1,067
Section 1'- 1’7 - 1,082

The destructicn pewer was defined under unsymmetricel load.

Relationship of the average normal siresses

6 exp: 6t for the cycles 1Ii, IIB, and IIC.
p y

Section 1 -1 - 0,893
Section 2 - 2 - 1,117
Section 3 - 3 - 2,83
Section 3~ 3’ - 0,991
Section 2°-2° - 1,193
Section 1'- 1’ - 0,920

The destruction power was defined under unsymmetrical load.
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'3.4- AI‘Ch NO- 4

— e — |

Relationship of the average normal siresses

exp t for the cycles IIA, IIB, and TIC.
Section 1 -1 - 0,959
Section 2 -2 - 0,954
Section 3 - 3 - 0,890
Section 3'=- 3’ - 0,937
Section 2%'- 2’ - 1,094
Section 17~ 1’ - 1,156

The deflection values are given in table Ho.2.

According to the testing programme the arch No. 4 was destructed under
symmetrical load.

The testing was carried on within the fifth /V/ cycle loading the arch

with the dense boads distributed symmetrically to the ridge joint /Fig.¥o.1/.
During the testing the arch was not physically destricted because with the
load.

pP= 2,75 Pd= 2,75 x 210C = 577 skg = 57,7 KN was so great bucking from the
plane that the further load increasing threatened with falling down of the
tested arch as well as the attendani arch. Taking into consideration the
above mentioned fact as well as regarding safety of people employed during
the testing the f£ifth /V/ cycle was complated at the load P= 2,7 Pd

3.5. Regapitulation of the test _rgsults_in peference to_sll the archs.
a/ Normal stresses. .
Relationship of the overage normal stresses experimentally during the second
II c¢ycle
ITA + 1IIB + 1I1C
/ 3 /

in the given section in relation to the thecrestical stresses, is illustrated
by the table Fec.l

The genaralized coefficient for the all fested arch expressing relationship.
of the all arch average experimental siresses to the theoretical stresses '
wa.s found as below:

the arch No. 1 - 1.138
“the arch No. 2 - 1,054
the arch No. 3 - 1.040
the arch No. 4 - 1.008



4, Conclusions

In virtue of the experimented test results analysis as well as theoretical
calculations the following general conclusions, refering three Jjoint archs
with parabolic shape, made of glued timber, may be drowned ocut as bellow:

1/ Distributions of normsl stresses in transverse sections situated

close to support and rldge Joints were quite different from the thsoretical
ones. It seems that it was caused by irregular or eccentic load transmissiorn
through the steel Jjoint construction.

In the rest sections situated at L/4 length from -the supports the difference
are much smaller and the generalized coefficient for the all tested archs,
expressing relationship of the all arch average experimental stresses to

the thecretical stresses 13 equal 1.042.

So the difference between results of calculations and experisments is

within about 5% range.

2/ The limitary archs load capacity was found to be much bigger from the.
calculated load capacity.

In the archs Neos 1,2 and 3, which were put under unsymmetrical load, factor
of safety defined as the relationship of the destructive load to the
characteristic load is contained in the range 3 - 3.25.

Only in the arch No. 4 which was tried to be destructed under the sym=—
metrical load it was impossible tc define value of the factor because the
stiffeninzs used in the arch under such great load were gquite unsufficient.

Testing was carried out at the moment when the said loads relation was
2.75. It is quite probable that in the case of using the proper stiffenings
the loads relation will be the same as in the other archs tested under
unsymmetrical load, that is not smaller then 3.

3/ The archs stiffeness was not much different from {the calculated value.
The maximum arch deflection under symmeirical load appeared in the middle
of the arch span. Value of those reflections measured during the tesis
was about 18.9 mm and the theoretically calculated value was 17.8 mm,

so the experimentally defined deflections were bigger from the calculated
ones of € .

4/ The positive results of tests obtained under the casual load testify
of the correct tested archs manufacture technology.
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Introduction

Ultimate strength of wooden glue-laminated beems depends on
many factors mostly beeing random variables. This phenomenon re-
sults in an important scatter of ultimate strength determined
experimentally. This paper presents a further step in the anély-
sis of the problem. Some earlier results of our investigations
were presented formerly [j, 2y 3] « The digitél simulation methods
were continuously used in our analysis. The paper deals with the
ultimate strength of rectangular cross-sections reinforced with

rods made of comparatively. strong material,

Model of failure

The experiments performed by T.Dziuba [1, 2] showed that
there are three main failure mechanisms (see the fig. 1):
Type “O! -~ failure occurs as a result of outermost tension

fibers break.
Type "1" - failure occurs due to the tension fibers break,
while compression zone is parthlly yielding.

Type "2" - failure occurs due to the compression zone damage.



POSSIBLE  TYPES OF FAILURE
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Theoretical assumtions of the model were presented in the
paper [2] . The idealization of mechanical properties of wood
is shown in the fig. 2. Moreover it was assumed that the stress
in the reinforcement is equal to the yield point when beam failure
oceurs.

The three above described failure mechanisms lead to the three
formulge for Multimate strength" Mult/wxo presented in the fig. 1,

The each type of failure posseses following limitations:

Type "0 Et = E%lt (fig. 1 and fig. 2), £ _ = &

the above conditions result in the limit value

. 1 -co
M My = 2 oo
]
Type "1v: £, = £8F, £ =& =9t and

fro <p = My= Y= 0501 +c?) | /oy (Vaeo) |

Type N2Y; EG:=Eg;t Et < E%lt, and }L = }41.

In the above formulae the following abbreviations were applied:

a/fl, Ab=h/B2H, U_ = % R R

o X0G

H

3 = RQ/RC'

W

Ik

RT:/RC’ q]ﬁ/z €glt/ Ep:;_’

B ~ width of the c¢ross-section,

Mult - ultimate bending moment,

Further symbols are presented in the fig. 1 and fig. 2.
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Stochastic analysis

Almost all values appearing in the formulae presented in the
fig. 1 and the fig. 2 are random variables. In the present paper

we assuwse that the following five variables are random: RC, Spl'

Eult’ R

A " and Re’ This way ultimate strength of wooden crossw

section ought to be treated as a function of five random variables.
To start with the digital simulation it is negessary to built up

the covariance matrix C :

55%0 . . .
"2 SR ey 582[31 ' ' |

“C‘ ) 13 SRSult 235 SEUH Sguit '
1w RR SED?RJ( %3 R, 'Sét '

7 1 0] ] Sé

Where: s - standard deviations, riy - correlation coefficients,
Bach element of thils matrix should be determined experimentally.
However it is impossible to establish covrelation coefficients
Ty Toyo rBQ in a direct experiment. Some theoretical discussion
[3. 4] enables to find a certain domain in which these coefficients
should be situated, This domain is limited by the inequality
(fig. 3)¢

1,3667 5, + 1,671 5, + 1.8785 r2, + 0.3975 v, To, +

* 14 * 24 * Bl ‘ 1 " 24

The remaining parameters of the matrix C were established

experimentally (see table 1),



Table 1.
RG: Epl Eglt Rt Re
" M= 62.3
R, | s= 5.93 : . : :
[1Pa]
m= 5,15
o1 | Tqom-b0bs | s= 0,69 . .
[%]
m= 8,61
Eglt T15=45056 | T,5=.656 A ,
L% ]
m= 79,
Ry ? ? ? 5= 20.2 .
LMpa]
m= 535
Re s ¢ @ ¢ s= 27
[MPa]

Digital simulation procedure (fig. 4)

The random variables Jjoint distribution was assumed to be
normal (gaussian). The generation procedures were based on the
proposals from the literature [5] . The numerical data presented
in the table 1 are based on the experiments made by T.Dziuba [?] .
One has to mention that the simulation procedure was conducted
for arbitrary chosen ceefficients réh, Topr Ty, from the domain

shown in the fig. 3, assuming that Tay is nonnegative.
Results and conclusions

The four levels of reinforcemeant were assumed, according to
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the former experiments: 0%, 1.27%, 2.64%, 4,00% [1] .

The 104 series of computer simulation with 2 000 sampling in each

series were performed. In each series mean value ' my" and standard

deviation " s*" were calculated,

The detailed results for a freely chosen values of the vector

r are ilustrated in the fig. 5 and the fig. 6, where are also pre~

sented the results of laboratory experiments made earlier [1] .

The results indicate that an increase of reinforcement amount

causes an increase of ultimate strength mean value and - what is

more important - a decrease of standard deviation,

It appears that the computer simulation method may be a very

useful and costs saving substitution for real experiments. It seenms

to us that the ideas presented in the paper may be used in further

studies on bearing capacity of wooden beams.
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HRi/speer, CIB
0. Preface

0.1 Scope

The intention of this paper is to describe some methods applicable for the design of plane
timber trusses. The paper gives a proposal for a structure and setting for a standard for
design methods. The content of the individual sections must be considered further.

Such methods may be devided into three operations, but these do not need to be indepen-
dent and they will in general not just be carried out as one sequence from the top to the
bottom.

1. Static analysis of a truss.
2. Strength verification of the timber.
3. Strength verification of the connections.

The paper concentrates on plane timber trusses with nail plate connections, and it proposes
an analysis method which can be carried out with ordinary plane frame programs.

Meanwhile this does not imply that it only can be used for such a case. It can aiso be ap-
plied to trusses with other types of connectors, if the method is adapted to their static be-
haviour. Further some of the ideas can be emploied in more general models, which for
example take into account spatial behaviour, non—linearities in the material or in the geo-
metry and so on.

At the past CIB-W18A meetings several papers have been presented and discussed. They
have dealt with the following operations in the design of a truss.

1. Static analysis of a truss

/CIB W18 15-14—1 Gudelines for the static models of trussed rafters, 1982/. This paper
proposes general static models, which to a large extent have been used in succeeding CIB—
papers on trusses.

The CIB W18 papers /17—14—2, 17—14-3, 18—14~1, 19-14—1, 19-14-2/ deal with simpli—



fied analysis of trussed rafters, and they are based on models proposed in /15-14-1 /. Since
it recently was realized by CIB W18A that simplified method are not required, the work in
this area has stopped.

Presently a need is identified for guidelines for a plane frame analysis of trusses, so this pa-
per will deal with this.

Further it has been assumed that loads on the trusses are specified by other authorities, so
CIB W18 will not deal with it.

2. Strength verification of the timber

The main assumption is that this can be carried out as described in the timber codes, for
example /CIB, 1983. Structural timber design code/. Some wellknown adaptation me-
thods, such as effective column length, will be emploied.

But besides this some effects special for timber trusses can be utilized. An example is pro-
nounced moment peaks in the chords, which have been presented and discussed in /CIB—
W18/17-14-2/. This present paper will deal with these special effects.

3. Strength verification of the connections.

The strength verification of the connections is described in /Noren, 1986. Design of joints
with nail plates — Principles/ and in /Noren 1981/, which describes the methods in details.

Tt is suggested that these two papers shall define how the strength verification of a nail pla-
te connection is carried out.

0.2 Available static analysis methods and their application.

The prevailing analysis methods in practice at present and in the near future are based on
plane frame programs. Their assumptions are typical: Linear elasticity, first order method
(geometric non—linearity is not considered), straight beam elements. Further some pro-
grams have the option that deformations in the joints can be modelled by a prescribed slip
or a spring element. More refined assumptions are not common in practical programs ac-
cording to a survey carried out recently, see /Smith 1989/.



It is a scope of this paper to set up guidelines so that analyses with such plane frame pro-
grams reflects the real static behaviour of the truss as well as possible.

One of the parameters in the static model of a truss is the principle modelling of the defor-
mation in the connections. There exist the two possibilities: Prescribed slip and an Elastic
spring element. A mixture of these two options could be favourable.

Prescribed slip

The prescribed slip method has as the basic idea, that the nail plate connections normally
are dimensioned so that their strength capacity is fully utilized in the ultimate state. From
tests the deformations (slips) are known at this state, and it is the impression that for a
certain type of connection the slip close to failure has a fairly constant value independent of
the size of the plate, see for example /Noren 1981/ section 2.6. So if this slip is prescribed
in the connection the static model should reflect the actual static behaviour.

If the designer wish to reduce this slip he only has to give the plate an over—size. Therefo-
re the guidelines should comprise a description of how the slip depend on the relative
strength utilization of the nail plate connection.

The objections against this method are:
That the designer must for each load case know the size and direction of the forces
and moments in the connections. This knowledge could arise from a previous ana-
lysis or pre—analysis in the iteration.

The slip is taken into account in a rather coarse manner.
Elastic spring element

Due to the non—linear behaviour of the connections the stiffness constant must be determi-
ned as a secant—modulus. Depending on whether the analysis is for the serviceability state
or ultimate state the secant must be determined from a slip at a low or a high stress level.

The objections against this method are similar to those against the slip method:
The designer must for each load case know the relative strength utilization in
order to determine the secant modulus. The stiffness matrix must thus be updated
for each load case. Again this knowledge could arise from a pre—analysis.



The slip is taken into account in & rather coarse manner. For example the influen-
ce of the moment on the stiffness for a force will normally not be considered even
though it is theoretically possible to set up such a relation.

Recommendation of methods taking into account the slip in the connections.

Since both methods have advantages and disadvantages it is recommended to let the user
make his own choice. So the necessary information and values of slip and stiffness con-
stants must be available. In /Noren 1981/ some values are given, but it seems necessary to
have the values in the nail plate certificates too.

For some special or extreme cases it would be advantageous if the guidelines could state
that slip can be disregarded. The degree of extremity is may be not so extreme, it could be
sufficient to have a nail plate connection with a certain oversize (50%—100%).



1. GENERAL

1.1 Object
Static analysis of a truss.

The object of the guidelines is to constitute a basis for the static analysis of timber trussed
rafters in the serviceability state or the ultimate state.

The guidelines concentrate on the analysis of plane timber trusses with nail plate connec-
tions by means of practical available plane frame programs. But the methods can too be
applied to trusses with other types of connectors if the method is adapted to their static
behaviour. Further they can be emploied in more general models, which for example take
into account spatial behaviour, non-linearities in the material or in the geometry.

Strength verification of the timber

Further, the paper describes how there can be dealt with some effects, which are special for
timber trusses and which are not dealt with in the timber codes such as /CIB 1983/.

1.2 Definitions

Bay:
Structure (timber beam) between two neighbouring nodes.
Beam element;:
An element, which models a timber part.
Connections:
Domain where timber parts and for nail plates are in contact in such a way that
forces may be transferred between the parts.
Fictitious beam element:
Beam element, emploied in connections in order to model their static behaviour.
Node:
Intersection point of system lines of beam elements.



Beam element

Stiff connection, node
Fictions beam element
Pinned joint, node

N\ MZ /%

7.
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"

Chord-diagonal Splice with nail plate

Spring element:
An element, which can be used to model the mutual translation or rotation be-
tween timber parts in a connection.

2. THE FRAME MODEL

9.1 QGeneral description of the elements and the methods of the model

The frame model is build up by means of some elements. Straight beam elements model
the timber parts, fictitious beam elements model some constraints (ties) in or static beha-
viour of the connections and also spring elements model the elastic behaviour of the connec-
tions.

All the elements can be linear elastic, but elements based on material non—linearity will
with realistic material properties reflect reality better.

The deformation in the connections can also be considered by means of a prescribed slip or
by means of a combination of prescribed slip and elastic spring elements.

Geometric non-linearity (column effect) can be disregarded by the frame analysis if it is
taken into account in the strength verification of the members.

If a geometric non—linear frame program is used for the analysis then the stiffness parame-
ters shall be given the design values for the actual conditions and imperfections shall be
considered.



2.2 Description of the elements

2.2.1 Beam elements

The timber parts are modelled as straight beam elements. These shall allow for the defor-
mations originating in axial strain plus curvature of the timber parts.

Geometry

As a principal rule the system lines of the beam elements shall coincide with the centre of
gravity of the timber parts. For the chords this shall always be the case.

In the diagonals the system lines of the beam elements do not need to coincide with the
centre of gravity of the timber parts. However, the system lines shall lie within the cross
section of the timber. In the case that there is not coincidens this must be taken into ac-
count in the strength verification, for example by adding an eccentricity moment to that of
the beam element.

Stiffness constants

The stiffness constants EA and EI are calculated based on the actual timber dimensions
and qualities.

Degrees of freedom in the coupling to other elements

Connections between beam elements are modelled in the following ways depending on the
static behaviour of the real connection if such one exists.

Pinned connections
Pinned connections and prescribed slip(s)

Completely stiff
Completely stiff and prescribed slip(s)

Fictitious beam elements

Spring elements
Spring elements and prescribed stip(s)



Pinned connections

A pinned connection can be used if the rotational stiffness 89 of the connection between

the two timber parts is essential smaller than that of the connected timber parts. That is

Sp << 3EIL/{

where EI Bending stiffness of the timber part
¢ Bay length for the timber part

The rotational stiffness of the connection must be evaluated at the actual stress level. This
means that for a nail plate connection fully stressed by the internal forces there is no mo-
ment capacity and therefore no essential rotation stiffness.

In the model the position of the pinned connection shall reflect the load transfer in the con-
nection. Annex 1 gives some examples of the position for different types of nail plate con-

nections.

Further the deformations of a connection can be modelled by a prescribed slip between the
beam elements connected to the node in the connection.

Completely stiff connections
Beam elements modelling the very same timber part are connected completely stiff.

A beam element can also be connected completely stiff to the node in the connection if the
rotational stiffness Sg of the connection between the two timber parts at the actual stress

level is larger than that of the connected timber part. That is

Sp>3 El/¢

where EI Bending stiffness of the timber part
¢ Bay length of the timber part.

Further, for certain connections the static behaviour tends to make them rotational stiff.
For example where compression forces are transferred by contact. In such cases completely



stiff connections can be assumed if the nail plate connection is oversized by a factor ko‘ .

i.e. that the strength verification is carried out for forces and moments increased by the
factor k .

The rotational stiffness must be verified by tests or similar. In annex 1 the oversize factor
ka is given for some examples.

Further, the deformation in the connection can be taken into account by means of a pre-
scribed slip.

Fictitious beam elements and spring elements

Beam elements are normally connected to fictitious beam elements by means of a pinned
connection.

The connection to a spring element shall be completely stiff since the total slip is modelled
by that of the spring element.

The modelling of these clements and the consideration of slip in the connections is descri-
bed in other sections.

2.2.2 Fictitious beam elements

A fictitious beam element can be emploied to reflect the static behaviour of a connection.
It can thus be used to model some constraints in the connections, for example originating
in contact between timber parts or ties from nail plates. The use of fictitious beam ele-
ments is illustrated in Annex 1.

Geometry

The system line of a fictitious beam elements shall as well as possible coincide with the for-
ce transfer path

Stiffness Constants

The result of the analysis is normally not sensitive to the values of the stiffness constants
EA and EI. The reason why is typical that the fictitious elements are short. So frequently



they can be assigned stiffnesses of approximately the same order as that of the adjacent
beam elements.

The axial stiffness constant BA can be calculated from the stiffness of a may be block of
wood subjected to compression or a may be nail plate subjected to tension.

The bending stiffness constant EI can be determined in a similar way. If the fictitious
beam element is connected to both nodes by pinned joints the value of EI may be chosen
arbitrarily.

Degrees of freedom in the coupling to other elements

Generally the coupling should be modelled by a pinned connection. But completely stiff
connections can be used if justified by methods similar to those described in section 2.2.1.

2.2.3_Spring elements

A spring element can be emploied to model elastic slip, either relative translation or rota-
tion, in a connection.

Geometry

The spring element shall be placed in the middle of the connection. It shall in no case be
placed outside the connection area.

Stiffness constants

The values of the stiffness constants shall be based on measurements. They shall be deter-
mined on secant moduli reflecting the actual stress level in the connection, and they shall
consider creep of the connection.

In a fully stressed connection the secant modulus shall be based on the stress level defined
in section 2.3.3. If the stress level is lower then this can be taken into account by an in-
crease in the secant modulus.

Comment,:

Section 2.6 of /Noren, 1981/ gives some guidelines for the values of the stiffness
constants.

10



It is acceptable to assume, that the stiffness for the two relative displacements and the re-
lative rotation are independent of each other. This means for example that the stiffness for
a relative displacement in one direction can be assumed independent of partly the {orce in
the other ortogonal direction, partly the moment.

Degrees of freedom in the coupling to other elements

The spring elements are normally coupled completely stiff to the nodes.

2.3 Description of the analvsis methods.

A static model consists of the elements described in section 2.2, and they are connected in
accordance with the given guidelines. In this section guidelines are given for the loading,
the support and the consideration of the stip in the connections.

Since the purpose of the static analysis is different for the serviceability state and for the
ultimate state there can be differences in the approximations and therefore different static
models for the two states.

2.3.1 Loadings

The trusses must be analysed for the loads provided by the relevant codes. In principle,
the truss must be subjected to the loads as they act in reality. For example, in a roof with
purlins, the truss must in principle be loaded by concentrated forces.

A row of concentrated forces may be equated to a distributed line load if the difference be-
tween the moments from the two loading cases is less than 10%, or if it is on the safe side.

Note: For lattice trusses the concentrated loads from purling with equidistant distances
can be equated with a distributed load if the distance between the purlins is less
than 40% of the bay length.

Larger concentrated forces, including reactions, must be applied where they act in reality.

For lattice trusses it is acceptable to undertake the strength dimensioning for the load case
"dead load + man load F" in the following way.

11
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0=y <y

where £ is the horizontal bay length. (i.e. the small normal forces are neglected).

2.3.2 Supports

Unless the supports are designed specially they can be assumed to behave as pinned joints
positioned in the middle of the support areas.

For trusses with both top and bottom chords, it can be assumed that vertical loads are ta-
ken by one firm simple support and the other supports being joints on rollers. For horizon-
tal load all the supports can be assumed to behave as pinned joints on rollers but kept in
position by springs, which are assigned stiffnesses, corresponding 10 that of the supporting
structures.

2.3.3 Modelling the slip in the connections

The slip in the connections shall at least be considered in those connections, of which the
slip is essential for the distribution of the internal forces and moments. Annex 2 containg
examples, where it for some truss types is estimated necessary to consider the slip in some
of the connections.

The slip in a connection can be considered by a prescribed slip, a spring element or a com-
bination of these two methods.

The prescribed slip or the secant modulus of the spring element shall for each load case be
determined from the stress level which actually occurs in the connection.

But if the static analysis is used for the strength verification it is acceptable to use values
valid at a constant, stress level equal to 60% of the characteristic strength of the connec-
tion.

Creep shall be considered by the determination of the slip or the secant modulus.

Guideline:

For stress levels deviating from 60% the relation between stress and slip can be
determined from

12



Stress level = - = 0.37 —2 (2 —0.37 *““1"1"")
Ty Ugo U0

where 7 Shear stress between nail plate and timber
fk Characteristic strength of 7

u  Slip at the stress level
gy Slip at a stress level of 60%

If there is used a combination of the two methods the emploied prescribed slip and spring
stiffness shall be determined so that the total slip in the model is equal to the real slip.

3. STRENGTH VERIFICATION

3.1 Strength verification of the timber parts

The strength verification of the timber parts shall be carried out as described in the Tim-
ber Codes, for example /CIB, 1983/.

If the frame analysis is geometric non—linear (internal forces and moments are determined
in the deflected state) then the column effects in the rupture criteria of the Timber Codes

can be disregarded. But the effects of initial imperfections shall be considered.

In the following sections there are given guidelines for how to deal with some effects, which
are special for timber trusses, and which are normally not considered in the Timber Codes.

3.1.1 Reduced column lengths

For bars or beams over one bay and without special stiff connection to the nodes the redu-
ced column length is equal to the length between the nodes.

For continuous beams, i.e. chords, with a distributed lateral load of constant intensity
along the total length, the following reduced column lengths are valid. A continuous beam
is a beam either without splices over several bays or with splices positioned so that the
compressed beam would be stable even if all the splices behaved as pinned joints. It is fur-
ther assumed that the splices are designed to be completely stiff according to section 2.2.1.

13



For continuous beams with lateral load but without essential end moments the following
reduced column lengths are valid.

In an outer bay : 0.8 + bay length
In an inner bay : 0.6 - bay length
At a node . 0.6 - largest adjacent bay length

Reduced column lengths
related to the bay lengths
or the largest adjacent
bay length.

For continuous beams with lateral load and an essential end moment the following reduced
column lengths are valid. '

Beam end with moment : 0.0, i.e. no column
In the bay second from the end : 1.0 bay length
Remaining bays and nodes . As described above
1.0
0.0

Reduced column lengths
related to the bay lengths.

For continuous beams without lateral load (centrally loaded columns) the reduced column
lengths may be assumed equal to the bay length.

3.1.2 Strength verification of cross sections at a moment peak.

For the strength verification of normal stresses in a cross section at a distinct moment peak
the bending strength can be increased by a factor k ..

Continuous timber members

For timber members continuous over several bays and loaded laterally the bending strength

14



can be increased by a factor km which depends on the Coefficient of Variation, C.V., of

the bending strength. (see Annex 3 for justification.)

1+04——{7~ for C.V. < 30%
km =
P14 for C.V.> 30%

Timber members with an end moment

For a timber member with an end moment, for example originating in an eccentricity, the
bending strength can be increased by a factor

1+04m¢ for C.V. € 20%
kme
’ 1.4 for C.V. > 20%

(For justification, see /Riberholt, 1980/).

3.2 Strength verification of the nail plate connections

The strength verification of the nail plate connections shall be carried out as described in
/Noren, 1981/ and /Noren, 1986/ with the mechanical parameters given in the certificate
of the nail plate type.

4. REQUIREMENTS TO THE PRODUCTION OF THE TRUSSES.

In order to secure that the static behaviour of the truss is as assumed and that it can stand
normal handling the following requirements are set up.

The timber parts shall touch each other in at least one point. Under the nail plates the gap

in the joint must not exceed 2 mm. For compressed connections, which are assumed com-
pletely stiff, this gap shall not exceed 1 mm.

15



*) The position of the nail plates must be within the tolerances T 5 mm and the effective
anchorage area must never be less than 90% of the necessary.

*) The nail plates must be pressed close to the timber in 76% of the plate area. The gap
between nail plate and timber must never exceed 2 mm, or what is specified in the Certifi-
cate of the nail plates.

After the pressing of the nail plates there must in the timber not occur essential splitting or
crushing marks.

The trusses must be marked with text showing:

Maximum truss distance ¢ mm
Lateral bracing of lattice, if any
Support area of the bottom chord with a tolerance of 10 mm

The connections shall be capable of resisting the forces and moments during transportation,
storage and erection. For example, when the truss lies down the splices in the chords and
the ridge connection shall be capable to resist the moments or they must have a moment
capacity equal to that of the chords.

5 REQUIREMENTS TO THE FINISHED STRUCTURE.

Note. This chapter is not completed, but it should contain requirements of the
same type as those below.

It must be secured that in the finished structure the trusses have a behaviour equal to that
assumed in the static model.

A proper lateral bracing must be established during the erection and in the finished struc-
ture (Requirements, proposals).

If there are partitions right below the bottom chord it must be secured that this do not
break when the truss deflects. This may be assumed fulfilled when ...

*) Clauses may be omitted here if they are given elsewhere.
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Annex 1. Connection models.

The annex gives some examples of the modelling of connections. These can be modelled
either as pinned joints or as completely stiff connections if some requirements are fulfilled.
For some connections a sufficient requirement is that the nail plate connection is oversized
so that it has a capacity to transfer the actual internal forces and moments increased by a
factor k . The values of k _ are given for some connections, for which it may be relevant

to employ completely stiff connections in the static model.

Symbols

Timber member

Nail plate
T System line for beam elements modelling timber members
| S Fictitious beam element

T Pinned joint

T Completely stiff connection

A1.1. Connections between 2 timber parts

Chord—diagonal

Fdi>0 k0=1.8
Fdiﬁ(} k0=1.4

18



Chord—diagonal
No essential shear force in the diagonal
Splice

Fch>0 kU: 1.8

For a pinned joint in compression, F ch < 0,

the plate connection shall be capable to transfer
at least 2/3 of the total force.

2 Chords
Fch >0 kJ = 1.8

Heel joint, centric support

The values of k, are as given for 2 chords.

But if Fch>0 and R>0 ka=1'4

Further the fictitious beam member can be placed

as the dotted line.

19
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Heel joints, cantilevered

Above the support area there must
always be contact between the top
and bottom chord, for example by a
wedge. If the height of the wedge
h is larger than 200 mm, the grain

direction in wedge should be perpen—
dicular to the chord. The wedge must
be kept in position by nail plats.

Heel joint with a high wedge

If the joint is designed to transfer the

moment then the connection can bhe
modelled as completely stiff.

\

20

or



A1.2. Connections between 3 timber parts
Chord—diagonals

Fdi>0 kgml.S
FdiSU ko,=1.4

The nail plates must be capable
to transfer the eccentric forces.

Inclined chords—diagonal

The connection between the node and

the beam (timber) member can be modelled
completely stiff. Depending on the direction
of the force in the member:

F>0 k =1.8
o

FCO k =14
o

21
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A1.3. Connections between several timber parts.

The connection between a node and a beam element can be modelled completely stiff. De-
pending on the direction of the force in the member: The required oversize factor k is

given in the following.
Ridge connection

F>0 k_=1.8
2
F<O k0=1.4

Connection in a scissor truss

F>0 k_=138
o
F<O0 ka:1’4

Chord splice — diagonals

The figure shows a model where the nail
plate connection to the two chord parts
has sufficient strength to transfer

force and moment.

F>0 kU=1.8
F<o k, =14

22




Annex 2. Connections where slip shall be considered.

The slip in the connections shall be considered when it is essential for the distribution of
the internal forces and moments. '

Some truss configurations are sensitive to slip in certain connections, so typical it is suffi-
cient to model the slip in those connections. The connections in question are typical those
in which a slip will cause large curvatures in timber parts.

The following sections give examples of truss configurations and connections in which the
slip shall be considered if nail plates are emploied as connectors. If is typical that the con-
nections in question are:

Hell joints: Slip in the chord direction.
Splices: Rotation and translation in the chord direction.
Ridge connections: Slip in the chord direction.

A.9.1. Truss configurations not sensitive to slip.

23



A.2.2. Truss confipurations sensitive to slip.

The slip shall at least be considered in the connections marked with x.

X
X ; - X
X “splice
X
X )&\ /X X
splice
X X
2]
1
% 1
X
X X
X
X
X X

Slip shall be considered:
1) Between chord and diagonal.
2) Vertical slip.

24
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Annex 3. Derivation of:

Effects of the distribution of the internal forces and moments.

Since the normal force frequently is constant along the bay length it is suggested to disre-
gard the distribution effect on the tensile strength and the compression strength.

Shear is normally not decisive for the design of trusses so it is suggested to employ strength
values as prescribed by the actual Timber Code.

But for the moment stresses it is typical that they can vary along the length of the timber
parts in other ways than assumed at the determination of the bending strength values gi-
ven in the Timber Codes. Since the bending capacity of a timber part depends on the di-
stribution along the length it is suggested to take this effect into account.

The research carried out in this area is scattered and how to deal with this effect has hard-
ly found its final method of description. For example research is going on at Tratek Stock-
holm.

Research carried out

The dependency between the bending strength and the distribution of the internal moment
has been investigated by /Madsen & Buchanan, 1985/. The emploied theoretical descrip-
tion was Weibull's Weakest Link. Unfortunately, the estimated values of the shape para-
meter k varied quite a lot, an estimation based on a slope analysis when the length was
varied gave k—values in the range of 2.9 to 7.8, and another estimation based on different
load configurations gave k—values in the range of 1.3 to 7.2. It is expectable to have a va-
riation in k between different species and grades because k is related to the Coefficient of
Variation. The authors suggest a k—values of 3.5, which should give sufficient precision for
engineering purposes for the type of timber in question (Canadian). k = 3.5 correspond to
a Coef. Var. = 0.32 in a 2—parameter Weibull distribution.

In /Riberholt, 1980/ this dependency between bending strength and M—distzibution has
been investigated too. Here it is chosen to describe the strength of timber by a probability
distribution of cross sections with such defects. The figure below shows the probability di-
stribution for 3 beams with different moment, distributions.
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"Figure 8.1 Timber beams with different supports, simple supported
or clamped. The dotted lines represent Fd'

It should be noticed that the difference between the beams which are supported Simple—
Clamped and Clamped—Clamped is relatively little, and for practical purposes it can be
disregarded.

In /Johnsen, 1953/ there is in figure 13 given a visualization of how the relative mean

bending strength varies with the Coef. Var. For a 2—parameter Weibull distribution the
Sth—percentile will vary in the same manner.
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Fig. 13. Relation between the mean value of
the strength {expressed in terms of the

refative meen sErength

maximum stress) at loads of various types
and the strength at a constant moment
/ﬁﬁl’ {type of load No. I). This relation has been

determined in accordance with the distri-

@ annomm -
e

g

izs /

(x; = 0). The comparison relates to beams

bution of extreme values of the type No. II
2/

NS

/Hr of equal dimensions having the same value
o
/ of —, If the material is perfectly brittle,
- m *

///’/ the term “‘strength” refers to the total

; . strength, I1f the material is perfectly plastic,
© 5 0 20 30 0%  the term “strength™ refers either to {a)

o

that strength which corresponds to vielding
at the weakest point or to (b) that strength which corresponds te yiclding in the first member.
In statically determinate systems, the strength (b) corresponds to the total strength. [If the
material is plastic, it is assumed in these cases that either (a) the strength in the elementary
unit volumes or (b) the strength corresponding to yielding in a cross section is distributed in
conformity with the distribution of extreme values of the type No. I (%1 = 0}.]

Comparisons and suggestions

In order to illustrate the effect of using different theoretical descriptions the ratios between
the strength at max. moment of a simple—simple and clamped~clamped beam loaded with
a distributed load has been calculated based partly on a Poisson Proces, figure 8.1, partly
on a Weibull distribution, figure 13. The two ratios are 1.35 and 1.37 respectively for the
5—percentiles, so this difference is negligible for a coefficient of variation of 0.20.

By using the Weibull theory in /Johnson, 1953/ the ratio between the strength of a referen-

ce beam and any other beam can be calculated. As reference beam is chosen a simple sup-
ported beam with 2 concentrated forces in the third points. Table A3.1 gives the ratios.
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Table A3.1 Ratios fm/f ffor timber beams with different supports and load

m,re
configurations.

Support: Load type Coefficient of variation:

Simple or Clamped 0.10 0.15 0.20 0.30

SS 2 concentrated 1 1 1 1
a=1/3¢{

SS Distributed _ 1.04 014 103 1.03

CcC 2 concentrated 1.23 130 135 1.44
a=1/3¢

CC Distributed 1.25 1.35 1.14 1.53

It can be seen that the difference in the ratios for different load types are small as long as
the moment distributions are similar. The large difference occurs when the max. moment
occurs at a peak, here at the supports. So as a practical simplification it could be acceptab-
le to allow that for strength verification of cross sections at a moment peak the bending
strength could be increased by a factor depending on the Coef. Var.

In figure A3.1 the calculated strength ratios are shown for concentrated and distributed

loads. Further there is shown a suggestion for a moment—strength factor, which is on the
safe side.

29



Figure A3.1.

Factor

fm

15 4 « Distributed load
| x 2 concentratedloads
. X
1.3 4 o«
X Suggested f-factors
1+04 &Y.
111 30%
1 ; i - %
0 10 20 30 Coff. Var.

Strength ratios for beams with clamped supports, and a suggestion
for a moment—strength factor for strength verification of cross sec-
tions at & moment peak.
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SUGGESTED CHANGES IN CODE BRACING RECOMMENDATIONS
FOR BEAMS AND COLUMNS

Paper 21-15-4 considered an adaptation of the bracing requirements
calculated by Briuninghoff (1983) to take account of column buckling in
modes higher than the first, Further work has now been done to allow
the following suggestions to be made for a Code section on bracing., As
bracing recommendations are not given in the current version of the CIB
Code, the wording of EC5 has been followed, Background notes are given
to indicate the nature of the additional calculations; a detailed
explanation will be published separately. The main conclusion agrees
with the British code for steelwork, but is reached by an entirely new
form of calculation with no influence from the British recommendation
which is of unknown origin; it can be derived from calculations for the
’ideal’ column as described in paper 21-15-4 but was in use Dbefore

publication of the necessary data by Klemperer and Gibbons (1932,1933).

DRAFT CLAUSE
5.2.6 Bracing

Adequate bracing shall be provided to avoid lateral instability
of individual members and the collapse of the whole structure

due to external loading such as wind.

The stresses due to initial curvature and induced deflection

shall be tsken into account.
The theory of linear elasticity may be used.
The initial deviations from straightness at midspan shall as a

minimum be taken as [ / 450 for glued laminated beams and as

£ [300 for other structures.
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Figure 5.2.6a. Bracing svatem

With n  equal members (eg beams or chords in a truss) of
rectangular cross-section, the bracing should in addition to
external loads (eg wind) be designed for a point load F at each
line of bracing having the value

F = 0.025nN (5.2.6a)

where N is the axial force in a member at the point of applicaticn

of the brace.

Where the member is a beam with maximum moment M the value of N

should be taken as mM2 where m ig the number of spans (m = 1 +
C
number of restraints).

Where the member is a truss N is the maximum compressgive force.

For a beam-column which is free to deflect vertically at the

peinte of restraint, N should be taken as

N = mM__Pi’/_ + P (5‘2'6}3)
MC

where P is the longitudinal compregsive force.

P, and M, are critical values for the full length £ .



BACKGROUND
1 - DISCRETE RESTRAINTS FOR IDEAL BEAMS

The brace stiffness required for the full bracing of ideal beams under
equal end moments has heen calculated for one, two and three

restraints.
CALCULATION METHOD

The following example indicates the method of calculation for two
restraints with anti-symmetric buckling as shown in Figure 1. The
diagram on the left is a plan view of the deflected centre line of an
ideal beam buckling Iaterally under the action of equal end moments
applied in a plane perpendicular to the paper, this plane being the
central longitudinal plane of the undistorted beam. At the third
points of the beam, the lateral deflection of its centroidal line is
resisted by an elastic lateral restraint with modulus S N/mm and
rotation is resisted by an elastic torsional restraint of modulus R
expressed in N-mm per radian of rotation. Assuming a deflection f and
a rotation 8 at each of the two points, the force applied to the beam
by the linear lateral restraint is Sf and the moment resisting rotation
is R@. The corresponding reactions at each end of the beam are %§ and
RE

~y as shown in Figure 1.

OQuter portion

Using the subscript letter 'o’ for the outer section of the beam in

Figure 1, the differential equations are

bV . S

EX d? 4 X”?’f)«‘ - _Sné, =0 (+)
cddy _ mqdue L RB L 4 (2)
'a"é, {1-'}5/ 3



Inner portion

The equations are

e S p i
Byt XM -y 5"‘(’3‘“3‘) = 0 (33
and ¢ ~mu, + Ey-re(y-5) =0 (4)
i i i -—.L‘:« ™ 25 / = /
Applying the conditions at Y=E namely ug o= ug f and U, uy o
the solution fogﬁd is
£- (58 + S ) qo , o 5f
e EELTN ety (e )
3
= L(RO ‘”‘(& BN L "[?W‘“'"’“"L b RE . 3EC (,& i (6)
O R e A R C bV o)
¢:_l_(t19 (—>MGR —Q—LLD*M c, (c,*' %-/wﬂ& mﬁi(i’«;-’_i—-‘ (7)
LR ¥ Au.'\,t‘?l' '3 ™ 33 3/
where k= w1§gi
Combinations of R and § to prevent buckling
= 2 = . i
In (6) when %M_KL . ui f, ie
= 2 fews BL B0 L CSFN/L b 2 o AL
fm 2feos B +(£8 + Xﬁj{KAmn b = S los ;> (8)
and from (7) when z =%LL, ﬁi = -8 giving
o= 2 M Rl L RE | SEN L hE 2L Pu € ke
o= 2ok (R0, 5( L - 2o -3 (9)
.kl
?_fi‘i%ﬂ +_*Sf' Lot S o Ly cog B b
or ¢§= - —F (E' 3o t 4 (10)
(ﬁm.w&—‘-—‘*um’%‘;"
Putting this in (8) and writing T for éisin*%'wﬁi,cos %%-%% .
f is eliminated giving
?-F“'u:bgi’—+ ..,..\
-1 =2 cos‘%.inw( 3 "‘ T (11)
5 e B (e : e



(11) provides an expression giving the values of the stiffness moduli R
and $ that will resist lateral buckling when a moment M>2MC is applied.
An infinite set of combinations of $ and R will achieve this. The case
of chief interest is that for full bracing when M = SMC where MC is

the critical moment for whole-length buckling,gggén. Then k = M g%

= BMcéié =3 | the expression T becomes + and (11) becomes
= 5L [RL o, 12
1 gi@(qc + 1) (12)
Rl o 9(.§LM‘h D (13)
C E.:l./}??'

where Pe = E%%E is the fuil-length Ruler load.

%# is plotted against %? in Figure 2. Any palr of values of R and S
2

which satisfy (13) will be adequate to restrain the beam of Figure 1

against lateral buckling under the full end moment M = SMC

Special relationships between R and S

A particular pair of values R and S satisfying (13) may be found by
relating the two in such a way that the relation between f and 6 when
M = SMC is the same as that between the central displacement and twist

in the unrestrained ideal beam after buckling. The relationship is

£oely oo

g7 oTlErl T M. (14
as applied in papers 19-10-1 and 20-2-1. Imserting k =20 in (10) for
full bracing (M = 3MC ) and equating the result to (1l4) for a half.wave

of length L:

- RL -
A K T sy
2] 6-!:1—5 - ..,.g',!‘.“.‘.m“_ T Bl Mg
C T WY
1 i R . 5 _ 8L ..
gLving qc° T TR (15}
Putting this in (12)
iR l2 " 2 81F
If A = -2k
N7

3A" - 7A+ 2 =0



with solutions 3% =1 or & = 27 accompanied by Bk = 18 from (12)
§in 3 7 <
or ;ﬁé = 2 giving %%a=»% which is invalid.

A second relationship may be found for a half-wave of iength-%

£ w2gk ¢
I S Y
c 2T MY

leading to 3A2 - 8A + 4 =0
: : Sbe _ 2. 2k e i B4

with solutions 56 =3 or P.ﬁﬁd. with = A

3 ard Ri. . |

2 glving S&=-4 as above.

s

S
or =E o
I,

To obtain a third relationship for a half-wave of length %?

L L
e ¢Me J_sil T T
) e T TTmy
leading to A” - 3A + 2 = 0
; i S o= ivi BL__ L Sk ioh Bl
with solutions 5 2 giving ac="® O e 1 for which T 0

from (12).

This last result gives the same restraint stiffness as that required

for full bracing of an ideal column with two braces, § = 8!%% .

The results for the three relstionships are shown in Table 2 of the
following set of three, the other two showing the results obtained for
one brace and three braces. The right-hand column of each table shows
that a conservative solution for the necessary brace stiffness S may be
obtained by assuming there is no torsional restraint (R = 0). The
value of %% in each case is then the same as for braced ideal columns
and if m is the number of spans the slope of the distorted beam at the
restraint when M = mMC is equal to that of an unrestrained ideal Dbeam

of length L/m after buckling.

If provision is made for rotational as well as translational restraint,
the necessary value of 5 is divided by m to obtain the figure in the
left-hand column of each table and the associated value of R may be

found from the tables.



Table 1 - ONE RESTRAINT

£_cC .
87 M 8 M,
one L-wave two 4 -waves
S 8 16
2.
RL  _
T - 4 0
- S
Table 2 - TWO RESTRAINTS
f- & . S f_c
[£] M, 67 2 ¢ 3
one L -wave two %_ -waves three Lz-waves
% 27 54 81
<
Ri. i
- T 18 4= 0
30 12 82
Table 3 - THREE RESTRAINTS
f.c £..8 5 _c f. e
90 - MG Gum 2‘Mc (:3 - ?‘Mc eo - 4‘Mc,
one L -wave two L -waves three ;.; -waves four Ji-waves
= Gaxk(a+ ) ba Ao f2) tand o+ o) Gaw (24 /)
= 54,63 = 109.25 = 163.9 = 218.5
= (e /2) Al2+JE) & (2ny5) 0
= 40.97 = 13.66 = 4,552
33¢ iSe t S¢
- =2 Lz A 0
<% 13 %R



The bottom line of each table shows the relationships between R and S
for the special c¢ases considered. Continuing the notes for two
restraints, graphs showing the restraint stiffness required for
M

= ranging from 2 to 3 may be obtained from (11) as follows:-

R = %%Cl When k is written E 8 | T in (11) becomes

[} [Ty
)

Writing A for the term in brackets and inserting R = %%C in (11)
<

T LM mE 0o
"L<7~M A 3 Mg

S

Cery

wis

3;
b

gives

,/%-\L‘P j‘qm—m(ii—% + 200 m%% + &L }(SF\ 4 &7 20 (aﬁ-‘fiﬂ_ + «L) (16)

(\&\"}jﬂ, I mﬁ'_(i_*. AN .+&%%%¢M%_+ ;Dg][v[\SL) 4 108 1 (m ) (17)

R =0 (11) becomes

Sbe o o dn Ly WM
= ~TAR (H 2coh g (18)

Lines plotting %%’ against %% are drawn in Figure 3 for the three
special relationships between R and S applied in connection with the
antisymmetric case of Figure 1. The corresponding solutions for the
symmetrical case are also shown for comparison with the graphs drawn by
Klemperer and Gibbons for braced ideal columns. The figures in the
bottom table for three braces are derived by a simplified method and

graphs have not been drawn for this case.

Application to beam-columns

Although not yet proved in detail, it seems reasonable to expect that
the results for a beam under equal end moments accompanied by
longitudinal forces at the ends will be additive. Assuming
conservatively that there is no rotational restraint, the full bracing
requirement %% = 81 for two braces would provide either for end moments
3Mc or end forces 9Pe . If both types of 1oad are present, the
limitation would be

P
A
3, qr,

(g



To enable the Klemperer and Gibbons graph to be used, the effective
combination would be

Mo P = 3M i
(w&a >x9 3+ (19)

3 5

- this sum being treated as the effective end load for calculating
bracing requirements. In the general case with m spans, the effective

end load should be taken as
mf o+ B (20)

where MC and Pe are the values for the full length L. That is, ?l is
{3
o t

multiplied by the number of spans and added to - to enable the column
<

graph to be used.

If provision i1s made for the torsional restraint shown in the left-hand

P

column of each table, & may be added to =
(=3

M,
by the number of spans, m.

without first multiplying

The above background notes refer to ideal beams and columns. The

following section considers columns with initial imperfections.



BACKGROUND

2 - INTTIALLY CURVED COLUMN

A method for the design of columns with initial curvature has been
proposed by Winter (1958) as described also by Trahair and Nethercot
{(1984) with reference to other literature on the topic. The method
below was developed following a study of evocative work by Bache and
Klemperer (1937) which provides experimental verification of both their

formulae and the ones to be developed for one or two braces.

The results are expressed in a very simple form by using the
expressions given by Klemperer and Gibbons for the bracing of ideal

columns as follows, the subscript of § referring to the number of

braces:
I N ¢ 21
Si - f‘—‘—i: - ﬁVr'Lfi';j:—- ( )
~ Pk 22
PO TS TR TP YR Y% (22)
; s TR S PeIvos TP RPEE YUY
ng % .__.kmew—--+.._‘!?—ux$.ﬁ§%, {“{M -4 E—A - ?’l (23)

(ﬁﬁwé}&££%+E—Lw ﬂkL &L+

The 1iast of these is not given in explicit form by Klemperer and
Gibbons but may be deduced from their results by noting that the

discriminant of the quadratic solution for §_, is a perfect square.

3
The form of initial curvature chosen for each case is partly a
mathematical convenience but is mainly suggested by the earlier work
cited. It was felt important to obtain a result comparable with
Winter’s illustration for three restraints, and in all the cases
studied the form of initial curvature corresponds to the deflected
shape adopted by Klemperer and Gibbons for calculating the full bracing

requirements of ideal columns.

10



One restraint

In figure 4 the initial curvature shown by the dotted line has the form
vy, =@ sinﬂ?.x, the subscript  standing for sinusecidal. If the
additional deflection is ¥y the differential eguation for the left

half of the column is

d?' P St

(. S s - £ R 2
Tk + EI%‘ = Pl % 23 sin I o {24)

vhere £ is the valiue of Yy at the central restraint. Applying the

conditions y, = 0 when x =0, yi = 0 when x = & and y, = £ when
x =+ the solution can be brought to a form which gives at the centre
e : ] (25)
b Ay L TR TR
b L gl )
L
or . (g B (26)
@

The resulting graph is plotted in PFigure & where a special scale is
used for overlaying on the corresponding graph by Bache and Klemperer,
and the function plotted is total deflection divided by initial as in
their diagram. The further graphs to be drawn for two and three
restraints will use the same pletting method so that all are

comparable.

Two restraints

In Figure 6 the antisymmetric shape precedes the symmetrical buckling
into three half-waves that will take place when P is increased to 9Pe ,

and the initial curvature is taken as Vg = 2 sin&® x,
[£5)

Using the subscript letter 'o' to refer to the outer section of the

column, the additional deflections Ve and y; are found from

dzmt £

Z e 4 B = 2 P s, 23T

Tt~ ECR T 3R TR aSX (27
dy P 2. 5f £l _ P

___.....' LY. 12 e Y P Sw—-. — y 2T

Tet TR T SRR YES e (28)



/

_ - - - - - 1. —
The conditions Yo 0 when x o, Yo V4 f when x FooV¥y TV
when x = & and finally y; = 0 when x = {; lead to the solution giving
for the left-hand restraint
_I:' . {1 A -.'L-.":..‘.‘
W= ﬁﬁ%:, R 3 - - (29)
e km‘%‘?{?, l_‘i"'— buﬂ;&ﬂ”&(ﬂ‘!t'%' “Leﬂ-gﬁ:/wﬂ—ihli + %@:}
£
or - 4& (30)
CLMA\%-E = 3 fo=
3 4\ N

asinZl = 0.866a is the value of y, atx = ~%- so the left-hand side
of (30) gives the ratio of the additional deflection to the original

deflection at the restraint.

The corresponding graph in the Bache and Xlemperer style is shown in

Figure 7.

Three restraints

Figure 8 shows the symmetrical shape preceding antisymmetric buckling
in four half-waves. The initial curvature is taken as Ve = (LSln?fT

The case for a single half-wave of initial curvature has alsoc been
solved, giving much smaller deflections for a given restraint
stiffness. For the more conservative case in Figure 8 the differential

equations are

Ly, o F\ S . P -w
P . 25 B o, S oy 3
T fry = (0258 - PasntTx (31)
2
e U5k L skL _p o, o aw
St E S T gt Ee g —m sl T (32)
i itd = = = = = Jo
Applying the conditions Yo 0 whenr x 0, Yo v fo when x plll

!
Vo = yi when x =A§f gives solutions for Y and ¥ which both contain fO

and fi . The further relation yi = 0 when x —-n‘gives f in terms of
fi , and then the condition ¥, < -fi when x = %g leads to a complex

result which may be written

L
- e ] PP’

12



3
5

but computer plotting of (33) in the Bache and Klemperer style gives

The expressions involved are too complicated to show that ¢ (S,P) =

curves in Figure ¢ which exactly coincide with those cobtained from

Jl
{l “"1“_)\!-"':"'

okt
i

(34)

and this is taken as the solution. The same curves may also be

obtained from

R
4, .k qae, (35)

N S

Equations (25) and (29) may be expressed in the same way as (33) and
detailed study makes it evident that (33) provides the essence of a
proof for the general case of r restraints. If ’a' is kept on the
right-hand side and put equal to zero, the solution for an ideal column

is obtained as

% (S,P) =1
implying in each case above that § = Sr so that ¢{S,P) = -%; = 1. The
solution for r restraints will therefore be taken as
pet
>
% = & »Q-—Fﬁ{i_ﬂ 5 (36)
TRAT 5k
in which & = additional deflection at restraint
c = initial deflection at restraint
r = no of restraints = no of %i—waves in Y
S = restraint stiffness to prevent buckliing of ideal

column under end load P< n% Pe , governed by design

of a singie span.

13



BACKGROUND
3 - PRACTICAL IMPLICATIONS

Paper 21-15-4 considered simple rules for the discrete bracing of ideal
columns, but there are two deficiencies in the results when applied in

practical cases:

(1) In real columns, the load that may be applied to the interbrace

length {= L. fm is less than the Euler load.

(23 On the other hand, the bracing stiffness for a given load om an
ideal column needs to be greatly increased for a real column with

initial imperfections, to limit defliection at the restraints.

Load in interbrace length

The permissible load in a single span may be limited by stress or
deflection, but deflection will often be the governing feature for a
column or beam-c¢olumn of deep cross-section which dis loaded in the
plane of the principal axis and discretely bdraced in the weak
direction. For such cases, previous work on unbraced columns has
determined the permissible end load by limiting the additional
deflection u,  to 0.003{ and assuming an initial deviation £from
straightness of 0.005 111 corresponding to an amplitude u, = Q%%ﬁﬁ. =

0.002887, for = rectangular section. Then from

X,
w, = %y
i P e
[
P |5 &ooaﬂ
— e o = 05096 37
I U, i iy {0+002887 + o-coz)l (37)

'
where Pe = m2 Pe is the Huler lcad for the interbrace length.

In the previous work, different walues 0.003 and 0.002887 have been
deliberately maintained to enable their effect to be seen more easily
in the later stages of calculations where for example 0.5096 would be
recognized while 0.5 or-% might arise for other reasons. An exception
will be made in the following calculations to obtain very simple

14



results wusing a proposal by Winter (1958) that the additional
deflection of a restraint might be limited to the same value as the

initial deviation from straightness at the restraint.

Taking the example of two restraints, Figure 10 for ideal columns has

been traced from the paper by Klemperer and Gibbons (1932) to show the

required brace stiffness for wvalues of %— ranging from 1 with no
X

o

S 81) to force buckling in

=
e

three half-waves (m = 3), The upper curve of shallower slope

bracing to m2 = 9 with full bracing (

corresponds to equation (22) above for S2 . The steeper curve is for
symmetrical distortion of the column at lower brace stiffnesses and

will not be needed in the following work.
Multiplying the full bracing value of %i by 0.5 instead of 0.5096 to

give 4.3 reduces the required stiffness from the ideal value 81v§% to

el
about 6.5 %% or the upper curve of Figure 10.

Limitation of deflection at restraint

If the figures 0.003 and 0.002887 were retained, equation (30) would
yield

(38)

as the brace stiffness required to limit the additional deflection at
the brace to 0.003 times the half-wave length in Figure 6 while the
initial deviation at the same point is CLSiD.%?—,(L being the amplitude

of the dotted line. Adopting Winter's proposal instead, (38) becomes

?

5 = S2 Jl - ~;EL§ 1 (39)
L 4"'@[
and since ~% is taken asoS+¥to limit interbrace deflection this gives
e
S = lOS2 =10 x 6.5 ?i = 653 %L

- approaching the value 81%%: for full bracing of the ideal column.

15



Restraint stiffness for higher modes

Curves like the upper curve of Figure 10 have only been plotted for up
to three restraints. Their curvature is not great and a conservative
estimate of the required bracing stiffness may be obtained by treating
them as straight lines. If it is assumed that this also applies to
larger numbers of restraints, the simple result £found is that the
restraint stiffness required for the halved end load with Winter’s
deflection limitation is exactly the same as the stiffness required for

the ideal column with the same number of restraints.

Taking five restraints for a numerical example, the restraint stiffness
Sf id for full bracing of an ideal column as given by Timoshenko and

Gere (1961) and checked by Burgess {1989) using a simple method is

mg'
5. o= b £ 6, 36 WEL 6, 36 p
il T U G T L oeg e T LY GaeE o
(F
=4 Wy~
80t &
The horizontal axis of Figure 10 shows values of.%%£1 which will be
<

called 4,  in relation to Figure 11 for five restraints, showing the
w
assumed straight-line wvariation corresponding to the upper curve in

Figure 10 for two restraints.

In Figure 11 the equation of the sloping line is

P 3625 4 ne
B 300 A% 2
"
When-%n = O.Sm2 = 0.5 % 36 = 18
o
. i 0
18 = WSOG'A’J' ¥+ 25

giving A = ~-3512.9

. )
From equation (36) if 7% = 1 as suggested by Winter,

. s ._h__@_ﬂ_\ _ 8
5 2.5 ‘3 5 13

—1.571455

o
H

By . e
-1.5714 x (- 512.9-F ) = 806-%

= Sf,id as averred.

16



General rule for r restraints

To demonstrate the same rule for r restraints withm = r + 1 spans, the

equation of the straight line is taken as

P {'E“-b IS"'—-'T"Q' .
e Al AL
fo A$ﬁ& "
when £ - 0.5m% = 0.5 (r+1)° (40)
N e N
(e fredfox® s
= B id.
oy = L LT ] Opu (41)

- giving the brace stiffness required for an ideal column with the end
load reduced from the full wvalue m2 Pe to limit the singie-span

deflection.

Using eguation (36) to 1limit deflection at the brace in the way

suggested by Winter, ieé& = 1, the ’ideal’value 4  must be increased to
) 2
S (‘ - s
. T - ey
‘6
Substituting for {; from (40},
3
L fp D
oo by j:t-'—'-%?‘ﬁ‘fz{ (42)
) TJ— - —-;’l

and inserting .4, from (41) gives

_ 43
Dby (43)

»

for all values of r when the wvariation of 5, with %; is approximated
<

as a straight line and Winter’s suggested limitation is adopted for

deflection at the restraint, with the ideal maximum end load halved to

limit deflection in a single span.
This approach is very convenient, avoiding the use of complex functions

5¢ such as those in equations (21} to (23) except for a single figure

which has already been worked out for each value of + .

17



Brace strength

The work above shows how use may be made of f£igures already published
for up to 11 restraints for an ideal column. It must be emphasised
that this is only a coanvenient way of expressing the results obtained
from differential equations such as those applied for Figure 8.
Although found equal to A@g& at the end of the previous section, these
results do not relate to ideal columns but are derived for columns with

initial curvature.

Kirby and Nethercot (1%7%) explain that studies for dideal columns
produce requirements for the stiffness of restraints but not for their
strength, going on to describe Winter's approximate method for
obtaining a required strength by allowing for initial imperfections.
The study above also enables the necessary strength of a brace to be

found, by multiplying its stiffness by the deflection permitted.

Equation (38) derived from equation (30) for two restraints
incorporated a deflection limitation of 0.003%-. Since %f cancels
with the -%- in the numerator, the limitation may equally be taken as
0.003 %L corresponding to an initial ’curvature’ of 06.005 £ /i where

L =1/3. For a conservative estimation of the brace strength needed,

the value 0.003 L/m = 0.003{ will be adopted.

This allows a return to the section 'Brief derivation' (of a 2% Z rule)
in paper 21-15-4, which finished with the words "Writing § = 0.003/
cannot be justified without a deeper study of the work’. Repeating the
derivation in the light of the calculations above, the required brace

stiffness which is equal to the stiffness required for the full bracing

2
£,id T P v

of an ideal column, ie S from equation (43), may also be

expressed

’a".
el

S . : {&4)
'f,fxl. Xﬂ/

i

- from expression (v) of Art.2.6 in Timoshenko and Gere (1961).

18



If the force in the brace is § for a deflection 0.00SE .

Q=8; ;4% 0.0034

Also P = O.5096m2 Pe , taken as O.sz Pe above, so substituting for Pe

and § in (44) gives

f,id
f%!z [ R
i oY
and taking ¥ = 0.25 as the lowest value given by Timoshenkc and Gere,
% m e | = OO

Ok oS
The rule for Code application may then state that the required strength
of each brace is eqgual to 2-% percent of the force in the column when

the deflection of the point braced is limited to 0.003 of the

interbrace span, £ = L/m.

19
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RESEARCH AND DEVELOPMENT OF TIMBER ¥RAME STRUCTURLES

TOR AGRICULIUR:E 11X POLARD

After the Second Yorld War over twenty vears long break in the
develoopment of timber structures has bsen observed in Poland, The
simple reason o” it was the fascination with concrete and steel
a8 universal and effective building materials. Up %ill 7C very
few experimental rcseareh tests of full seale structures have
been performsd., As result the structural solutions wers very wood
consuming, and the former skilful timber artisans profession wags
vanishing.

The revision of this trend was forced by the demand of economy
of energy consuming materials, The come back of timber structurss
was stimulated by the comparison of results of cattle breed in
farm buildings of different materials, where the timber ones pro-
ved to create the most convenient microclimate, Researeh Drosram
sponsored by the central funds permitted to start in 1975 with
the production of glued, laminated timber struetures, a Ressarch
Steering Committsze has bzen created and lot of new developments
entered into the building market.

Actual experience proved ihe economy of timber use in sport
building, in family housing, in ware storage, sgricultural and
church buildings. In socisl investments tendency to apply timbasr
was stimulated because of fact that it was outside of officisl
reglamentation, but in farm building the reasson is that timber
is the local material, easy to get near the building sites, re-~

sistent to aggressive environement 283y to production and assen-
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bling and because it creates very convenient healthy micrcclimate

for breed,

1, Polish systems of timber farm buildings,

Relatively higher price of glued leminated timber structures
is 1limiting their spplicstion to the biggest aericultural invest-
sments. For common use more traditional structural soluticns have
been used.

Yost of them followed the static scheme of Tixed in fundation
column with trisngulsr formwork as articulated beam spanning &,0
&+ I2,0 = I8.0 + 24,0 m. In this structure the net her tie wus
sometimes made of steel rod., The system distance was normally
from 1.5 + 3,0 m,

These systems were soon replaced by timbsr three hinge framss
with the spans $,0 - 18,0 m, The development of these structures
haged on successive investigation and experimental testing is the
item of this report,

Tirst of them wss the box section three pin frame 3BHD 5, desi~
rmed in early saventies., The belts were rectanzular timber sccte
jons joined togeiher by inelined plenks, thus forming the double
web., The inclination of roof was 20°., The outer belt of column
was vertical the inner inelined to the center, Some modificstion
ecreated the system "Bieszczady 75", with the span 16,5 m, distan-
ced 3,0 m, where the inner belt of column was vertical and the
cuter inclined to outside. The web planks were fastensd to the
belts by nsils. The skew planks primasrily inclined to the center
were soon reéeplaced by structurslly more correct inclined to out-
side, to take better the shear forces in "Rzeszdw 77k /fiz.l and
Tlg.2/. Consunption of timber was rather high and reached 3. ERS/
100 mz, up te 4.9 x5/100 m”. The main deficiencies of these Sy Sm

tems, often used for sheep breeding in mountainous regions of Po-
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land, were: big nails consumption, susceptibility to cuality of
execution and technologically demanded system of planking not
permitting to carry correct all the intermnal forces. Some of the-
se structures were obliged even to be strenghtened on site., After
narrow cooperation of the Rzeszdw Design Offiece for Agricultural
Building with the Rzeszdéw University of Technology different
improvements of the structure have been mede, They wers based on
the full seale checking of the protoiypes on specianl testing
arrangcement where the frames were horizontally losded by hydrsu-
lie jacks, Thus the system "laXoplsks 80" was erested. The main
ides was to replace the nailing by circular teeth steel fasteners
"BISTYPY, to apply formwork frame insteed of planked webd, =nd io
Torce high quelity of execution by correctly placed fasteners,
"BISTYP* fastencrs permit to carry the forces up to 3C kN, and
have the formal state approval.

The three hinge frame structure "Malopolskas 80" is presented
or fig.d, The timber consumption index decrecased to B.VmZ/Ioo mg.
I'ain advanteces of this system are:
~ ¢lear stgtical system csusing small timber consumption,

- small number of units, repeated diagonals,

- axial net of struts,

~ market availsble scction of wood 20/ 140,

- Possibility of use of the same frame for different combinstion
0Ff external actions /snow and wind zones/ by the wvariable dis-
tance of frames /3,0 + 4.5 < 6.0 n/.

2. Loading device for investizastions.

Some interest may attend the special deviee to load the full
scale frames in horizontsl position. This arrangerent gives dif-
ferent adventages. It permits %o lo=zd separate structures /fig, 3/

the access to different points of structure is very easy, as well
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¢ all the measurements of strainsg and deformations, even with
their diasgrams. Simple gteering of jacking process, different
points of load apply and full safety up till the breglkr of tested
structure proved to be very convenient. The principle of inter-
nally ecullibrated system was succesliully applied /fiz.4/. The
tested units are supported on the load cerrying steel beam simi-
lar &3 on site, and both structures laing on the distanee blocks
on the flcor, ars tacked tozether.

Hydraulic jacks of two side aection 170 k¥ were applied in IC <
18 points simuleting the constant or local action, rreciss pre-
ssure meters permitted to contrel the speed of loading. Strains
were measured by digital tensometers, deformations by clock dis-
tancemeters, or by geodesial methods, Loasds wers applied accor-
ding the rules of CIB Timber Standard up till the collapse of the
structure /fig.5/, Ths humidity of timber just after the break
wag cheeked by drying and weighing method, This was done undepen-
dently from the general humidity checking by elektro resistant
instruments, Desiructlion followed ususlly in most strained ten-
gioned rods; external belts of columns or top belt of beam near
the corner. The averags general safety factor of "Rzeszdw 777
planked frames B=3,79 proved 1o bs too high, and was foresing
to make inprovements. The "Rzeszdw 77k" frame differed from the
former by decrease of belts sections and planks depth, and repla-
ce of outer tensioned belt by steel flat section.

Testing of 5 these frames showed totally different pattern of
collapse, The brask was caused by buckling of compresgsed bslt of
column. Average safety factor was T =2,3, accepted as sufficisnt.

Last of solutions, the framework frame "Kaxopolska 80" colla-
psed by logs of compré%ion strength in compressed column rods,

and their consejuent buekling from the plane of structure. The
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resulting genersl safety factor reagched §=2.07, being sufficent
according the Folish Timber Code PN - CI/B ~ 03160,01,

Very interesgting conclusion from these rich investigations is
that the standard deviation of bearing capacity of total structu-
re is much lower thsn this on samples, defined Dby unhomogen}ty
factor.

Tor all tested units the timber was mechanically identified by
Youngs modul on 60 x 60 x I300 mm samples defined according the
v,T, Curry method., All tested structures and samples made of fir
wood from Bieszezady Mountains, . charscterized by Youngs modul
equal 8000 MPa at moisture content I0%.

Comparison of sirength parameters and timber consumption fac-
tors is presented on the tables I - 4.

This shori survey of resulis received by sequent change of de-
sign and experimental testing of ssversl times repesied timber
structures proves how success full may be the mutual interdspen-

dence of both structural methods,
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table 31, Survey of collapse test of frames.

Characteristic | Ultimate Safety factor
Type - Ko of leoad Toad
frame of frame | mecan value
[xN/m] Dxx/m]) s 8
Rzesgzdw 77
1 26,76 3,74
2 7,15 25.80 5. €1 3.79
5] £R, 65 4,01
Rzegzdw 77k
1 14,80 2.07
2 14,45 2.0
: 1,98
) 715 12.74 1,78 ]
72,3171/
4 14,20 1.99
5 V4,70 2,06
YaXopolsks 80
! 13,60 1.98
2 6,88 14,5 2,11 2,07
& . 14,50 2,11

1/
Humidity of "“Rzeszdw 77k frames was ca we= 30 ¢ while testine,

Tor comparison their safety factor recaleulated to w= 22 %

4

equals s= 2,31,



Table 2. Stresses in timber measured at the breaking load.

Type of frame

Stress just before collapae

+ G /¥Pa/ - G /¥Pas
Rzegzéw 77 42,3 66.2
Rzeszdw 77k 2h.0 47,0
MaZXopolsks 80 2445 88,4




Table 3, Deformatiocn of top nipple,

N¥ean defleetﬁon et load

Type of frame Point
charscteristic ultimate
{em] Lem]
1 - 5.2
2 1.0 6.9
3 1.9 11.6
4 2.2 15,8
Rzegzdw 77 5 2.4 7.2
6 243 16,9
7 2.0 11.4
g 1.0 6.6
g -- 5.2
1 -—- G4
2 2ed 5.7
3 Be 8 9.1
4 Lo 11, €
Rzeszdw 77k 5 4.3 12.5
& 4,2 11.€
7 3.4 9.0
8 2.6 6.0
9 - 4e2
1 1.7 4,3
2 1.8 0.0
3 2.9 8.6
4 35,9 11.6
KaXopolska 80 5 4,8 14.6
6 4,0 11.6
7 248 o2
8 1.6 4,9
¢ 1.2 5.8




Tghle 4, Timber consumption index,

Material consumption per 100 m2 of area

Tvpe of frame

Timber md 3 Steel ke %
Biegzezady 75 4,3 69 439 57
Rzeszdw 77 6,2 100 765 100
Rzeszdw 77k 4,1 66 607 79
¥aropolsks 80 2.7 44 472 62
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A.K.Shengnhelia, candidate of technical
sciences
(ZNIISK Xutcherenko, Loscow)

EESURING OF THRIE-DISENSIONAL STIFFNESS
OF BUILIDIRGS WITH WOOD STRUCTURES

One of the important aspects for wood structures sg well as
for any structures, is the ensuring of three-dimensional stifl-
ness of buildings and structures as a whole, both by mesns of
braces and by means of enclosure construction elements - such as
girders, ribs of coating plates and well panels framewori.

Usually, girders and coating plate ribs are calculeted Tor
bending or unsymmetrical bending depending on roofing slope.
o0 used as longitudinal elements of tie systens, they must

also take nomusl force (coupression or temsion), wiich aUnears

O]

in tie truss posts., The came foree nmusit be Lalken by attacihment of
girders and plate ribs Yo load-carrying structures.

At present the aspect of ensuring of three-dimensional stiff-
ness of buildings with load-carrying wood structures is approsch-
ed intuitively, and in most cases groundless solutions are made ,
which lead to increased expenditure of lumber and steel.

n tue present article the guestion of inclusion in work of
tie systems of girders and plate ribs as londitudinal stiffness
elements is peing considered. For this purpose experimental and
theoretical investigations of specimens of connection of sirders
to load~carrying elements were carried out.

During the work on technical solutions of assemblies pProwo-
sitions of calculation methods of tie systems stated in /7,
were accepted as theoretical preconditions. The exaxuzle of iie

systems design for craneless industrial building with coating of



wood giued beaws, span 18 n, spacing © m, was assumed as a

basls. Building height wup %o column top is 7,2 m. According
to snow load it is the IV building region, and according to
wind load it 1s the II building region.

According to this exawple, maximal forces in longitudinal
elements of tie systems, which attachments of girders or plate

ribs to lcad-carrying elements should be calculeved fow, noue

~>

7

up the followinn values: compression - Aé = 5,%, i, censlion

il

Additionel theoretical researches on influence of vorious

factors upon calculation forces value were carried oulb: kind
snd spacing of losd-carrying structures; span and helgnt ol
building.

for exeuple, in case of trusses as load-~carrying siruc-—
tures /¢{ increases by ©6,8% and ,4/' increases by 10e; with

g ]

spacing 3 o ,4@ decreases by 7%% and /k; is 2,53 times. as
little; wito span 24 m /44 increases by 1% and ¢ decrea~
ses by 0,605 with building height 4,E m /k: decreases LY

5S¢ and f’ increases by 7. As is obvious, all taese fac-
tors, spacing excluding, have insignificant influence upon no-
rizontal force value, therefore atbachment assemblies of gir-
ders and plates to load-carrying structures were designed for
force /sz 4 kN. Since in the example under consideration
roofing slope Z‘ = 0,05 is not great, pitch component of ho-
rizontal load was not considered, but with slopes 572510,25
(especially in lencet arches) 1ts influence can Dbe siznificant
-and should be considered in concrete design.

When working out variants of technical solutions for as-
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S
semblies, ©two basic preconditions dominaﬁed: minimal metal ci-
penditure and simplicity of work ay building site. Therefore,
nail connections were chosen without use of metel and with us
of minimal quantity of metal in shape of strips and asngle pleces.

Girder frapgments with cross section 120x160 wmm, length

500 me in cut variant and 1 000 mm in uncut verient and load-
carrying structure fragments with dimensions 140x400x400 mn
were cub out from glued beams (dimensicne: 44034005000 1) Jma-
nufactured at Volokolamsky experimental building structures fa-
ctory in 1685 and tested for lateral bending. Beems were manu-
factured of second rate deals (pine boards), thickness 22-32 wmm.
Up to the moment of testing average specimen wood humidity made
up 10,5-11,%. It was tested all together ten specimens - two
"iwins" of each of five design modifications.

Specimens were tested for norunal force actlon, applied to
central line of girder fragzments attached to loed-carryins strac-
ture fracment. Fig. 1 shows full-scale phovos ol fest rig on

force Tloor. Under the action of force gmirder

t

the possibility of free vertical travel with respect to losd
structure soment wonienh is pinched betwesh two stoci
rests. letal nlate, fesvened at tvo brancaes of stock post
. ﬁ.gi in direchion of specimen usorizontal axis, serves
for preventing of joint specimen bulging. To minimize Ifriction
influence between specimen and metal plate, its inner surface
was olled with special oil.

Specimens of assemblies were tested in plastic stage by
means of jack QﬁGE—B. Loading was made stage by stage with pc-

riodic load relief after each stage to estimate residual defor-



mations. Value of the first loading stage made up 4,89 ki or
1422 /V< Then increment in each stage made up about 1,06 kN.
For example, 4,89; 6,5; 8,11; 9,75 kN etc. Loading of specimens
and load relief was made with constant speed. Test duration up
to failure of individual specimens made up from 25 to 50 min.
Deformations were measured by means of dial indicators (two on
each specimen), and as for last three specimens - by means of
Maksimov deflectometers. Scale factor of both imstruments is

- GO1 mm.

Specimen I-1 was tested without instruments. First, verti-
cal load was applied without horizontal plate, therefore the
joint found itself in complicated stressed state: it was sub-
ject to bending besides shearing forces. Specimen's centre
bulged from vertical plane, and lowér fragment of girder twist-
ed around fragment of load-carrying structure. A crack appeared
across the grain in load-carrying element along the lower line
of nails (Fig. 2).

Then specimen I-1 was turned and tested, excluding bulging
in centre, that is for vertical load, up to failure. This time
these cracks found themselves along the upper line of nails, as
specimen was turned during the test.

In the rest of the specimens deformations of attachment were
measured. Dial indicators were placed on each side to the lefy
and %o the right in upper part of specimen and they registered
the shift of upper girder fragment with respect to fixed bench
mark in load-carrying element (see Fig. 1). Axis deformation
graphs were constructed. Values of deformations were got as ave-
raged ones, according to indications of two instruments. In all

specimens tested deformations appeared to be lower by far than



normalized limit with calculated load-carrying capacitly - £ mi.
For example, see specimen II-1 deformation graph (Fig. 3). With
load 4,39 K (1,E£2ﬁ! ) deformation made up only 0,08 mu. Vith
Load 125 5 =& (5,84 h/) deformation nmade up 1,97 mm. Thils indicates
high reliability of joint design. With load 18,71 K full defor-
mation was 40,14 mm end residusl deformation was <,01 mu.

When specimen I-2 was destructed, Yaree nails were sheared
(two ones from the left and & lower one from the right). fhcsc

ails connected angle pieces with load carrying element. Upper
rigzint nall wes almost completely pulled out frowm load-carrying
elecment.

Waen specimens II-1 and II-2 were destructed stop bars saify
ed with respect to load-carryins element by 406 and >4 mn respec-—
tively (Figz. 4.a2). Specimens ITI-1 snd III-2 (Fig. %.gl viere
Gestructed in anmalogicel way. Bar shift made up 495 and 22 wn res-
pectively.

Specimens IV-1 and IV-2 were destructed with the same load.
Lininz bar split across the grain, in place of four and tvo

nails (Fig. 4.C); shift with respect %o loal-c cerrying cleument

Eh

wes 7-C and 6~11 mr respectively for the Tfirst and the sccond
Tn specimens V-1 and V-2 the crack appeared in pnlacc of zi
(Fiz. Mﬁ) and £ lower naill, sccompanied by lininzg plote snify
wita respect to load- carrying c¢lement by £-7 cnd S-11 wE, res-
pectively for tue fiwsy and tne second specinen.
To cstimate load-carrying capacity of tested joints, accord-
ing to method of Y.i.Ivanov /2/, reliability factors A{w to

breaking force value /45 were calculated by means of formula:



k;::?,58(4,94 -0 116%§Z%

and actual reliability factors #? /%;
Z% ﬂ
: f
where o
jU,

T%Z-is duration of reaching breaking force, in sec;
/k:: /%/ - calculated load-carrying cepacity of the joint.

Regults are shown in the table.

Table

o /
e N Y k&
I-1 32,43 5000 7845 24,37 &y
I-2 26,8% 3000 98,5 2,3 §y"
IT-1 29,24 1800 09,42 2,81 5,5
II-2 21,24 1500 39,29 2,42 547
III-1 27,64 1800 47,12 2,41 5,5
TIT-2 22,84 1800 47,42 2,41 5,7
IV-1 13,75 2100 oH 97 244 5yt
IV.-2 13,75 1800 4,12 2,4 R
i 26,83 2400 62,82 2,4 6,7
Vo2 26,04 3000 78,5 2,37 5,5

1

As the table in dicates, all the joint specinerns testod

nave sufficient load-cearrying capacity and reliobilitvy =nd con

we recommended to desipm orpganizetvions for introductlon into

working drawings of buildinzs for various purposes.
As & result of carried out exmerimentval end theorevical in-

girders Lo load-carryinn

vestigations of attachment specimens of

structures the following concluslon was drawn:
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1. Testing method was maximsl close to real work of construc-
tion joint elements and imitated their stressed state in build-
ing coating.

2. The possibility of use of wood girders and plate ribs
as longitudinal elements of tie systems in bullding coatings
was experimentally confirmed.

%e With roofing slcope i 2; 0,25 attechment of girders and
plate ribs to load-carrying structures should be tested for per-
ception of slope component of verticsl lozd on the coatins.

oy N

4, When calculating girders and plate ribs the influence

P

te in

3

£ ioni-

| te
n

because 0

a
(&1

of horizontel forcc can be disrejarde

it
U

ficance in general balance of stressed state of these consliuc-
tion elements.

5, With the use of girders and plabe ribs as longitudinal
elenents of tie systems apopreciable ecomomical effect cen fels
achieved decrease of wood and steel ewpenditure by 30-i0: in
braces of the buililding.

Offers for inclusion into new version of SHiP 2.07.00

"Wood structures" were developed.
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SEISMIC BEHAVIOR OF ARCHED FRAMES IN TIMBER CONSTRUCTION

MOTOI YASUMURAx

1.INTRODUCTION

Arched frames of glued-laminated timber have been used widely
in large scale construction. As the vertical loads such as the
dead 1load and the snow load are generally more critical than the
lateral loads in the large span structure, few studies have been
done on the seismic behavior of the arched frames. In the pre-
vious paper(1l), the mechanical properties of the joints in glued-
laminated beams subjected to the reversed c¢yclic loads were
investigated. In this study, the arched frames of the glued-
laminated timber having the joints in the principal rafters were
subjected to the reversed cyclic lateral loads, and the mechani-
cal properties of the frames were investigated.

Time-history earthquake response of the three-hinged frames
was obtained from the 1linear model and the bi-linear elastic
model, and the influence of joints of the principal rafters on

the seismic behavior of the frame was also studied in this paper.
2. DESCRIPTION OF SPECIMEN

Four arched frames of glued-laminated timber were subjected to
the vertical 1load and the reversed cyclic lateral loads.
Specimens were reduced scale models and designed in consideration
of the building of 30 meters in span. Specimens included a two-
hinged frame and three-hinged frames as shown in Fig.i. One of
the arched frames had no joints in the principal rafters, and in
other specimens the principal rafters were connected with the
mechanical joints as shown in Fig.2 so that they could transmit

the moment and shear forces.

*Senlor Research Officer, Dr.Agr.,Dpt. of Structural Engineering,
Building Research Institute, Ministry of Construction, Tsukuba,
Japan



The span of the specimen was 10 meters and the cross section
of the members was 15-by 45 centimeters. The species of the
glued-laminated timber was Ezomatsu (P.jezoensis Carr.) and
Todomatsu (A. sachalinensis Fr.Schm.), and the thickness of the
laminae was one centimeter. The outline of each specimen 1is
described as follows;

specimen-3HNJ: Three-hinged frame having no joints in the

principal rafters.

Specimen-3HSP: Three-hinged frame of which principal rafters
were connected with the steel plates and eight
bolts per joint of 16 millimeters in diameter
as shown in Fig.2(a).

Specimen-3HSI: Three-hinged frame of which principal rafters
were connected with a steel plate inserted in the
glued-laminated timber and six bolts per joint of

16 millimeters in diameter as shown in Fig.2(b).

Specimen-2HSP: Two-hinged frames of which principal rafters were
connected with the steel plates and six bolts per
joint of 16 millimeters in diameter as shown in
Fig.2(c)

3. TEST METHOD

Fig.3 shows the outline of the test apparatus. The specimen
was setl on the reaction floor and the reversed cyclic lateral
locads as shown in Fig.4 were applied at the top of the specimen
together with the vertical constant load. The vertical constant
load was fixed 22.5kN for a three-hinged frame and 32.3kN for a
two-hinged frame by simulating the dead load of the building. The
vertical and horizontal displacements of the specimen and the
strain of the members were measured with the electronic
transducers and strain gages.



4, EXPERIMENTAL RESULTS

4.1 DESCRIPTION OF FAILURE

Among the four specimens, three specimens failed with the
radial stress at the curved part of the glued-laminated timber.
This failure was not expected except for the specimen having no
Joints, and it was expected that the Joints in the principal
rafters had yielded before the glued-laminated wood was failed
when the specimen was designed. However the curved part of the
glued-laminated wood except for Specimen-3HSI failed with reia-
tively low radial stress of 96.6kN/cm2. In Specimen-3HSI, a steel
plate connecting the glued-laminated beams yielded and broke
suddenly. These results indicate that the difference of the
safety factors (strength-to-allowable stress ratio) among the
steel, wood and mechanical joints should be considered in case of

the design procedure.

4.2 HYSTERESIS LOOPS

Load-deflection curves of each specimen are shown in Fig.5. In
three-hinged frames having the Joints in the principal rafters,
particular effect of the initial slips of the joints on the hys-
teresis loops was observed. This effect might be caused by the
difference of moment distribution in the right and left Jjoints.
In two hinged frame this effect was small because the influence
of the vertical load to the moment distribution was smaller than
that in three-hinged frames.

4.3 EQUIVALENT VISCOUS DAMPING

The equivalent viscous damping was obtained from the hys-
teresis curves of each specimen, and the calculated values are
shown in Fig.8, where the equivalent viscous damping is obtained
from the ratio of the absorbed energy to the external work per-
formed in each loop (See Fig.8).

The equivalent viscous damping of Specimens 3HSP and 3HSI was
2 to 3% when the deformation was small. These values coincided
with the equivalent viscous damping obtained from the experiment
of the mechanical joints in glued-laminated beams(1). The equiv-

alent viscous damping of Specimen-2HSP was 4% when the deforma-



tion was very small, and it decreased to 2.5% and increased again
to approximately 5%. This trend is exactly the same as that in
the experiment of the joint, and this fact shows that the
mechanical properties of the joint are reflected directly to
those of two-hinged frames because the influence of the vertical
load to the moment distribution is small in two-hinged frames,
while the influence of mechanical properties on the frames is
more complicated in the three-hinged frames. The equivalent vis-
cous damping of three-hinged frames having no joints in the prin-
clpal rafters was approximately 1%, and it was found that the
arched frame having no joints showed very small damping capacity.
The equivalent viscous damping after the glued~laminated wood had
failed by the radial stress was approximately 4%.

4.4 STRENGTH AND DUCTILITY

Table 1 shows the maximum lateral locad, horizontal displace-
ment for the maximum load, and Fig.7 shows the relation between
the lateral load and the horizontal displacement. The maximum
load of each specimen was 74.6 to T78.0kN regardless of the types
of the specimen. The maximum lateral load was not affected a lot
by the types of joint because
in most specimens the curved Table 1 Maximum load and horizontal

part failed with the radial displacement for maximum load

stress. However, the
horizontal displacement for SPECIMEN MAX.LOAD MAX.DEF

the maximum leoad of the {kN) (rad.)
specimen having no joints

in the principal rafters 3HNJ 75.5 D.0177

was the smallest, and that — —-——--commmmm L
of the other specimens were 3HSP 74.6 ®.0430

1.8 to 2.4 times as large -  ———--mo s
as that of the specimen 3HSI 77,1 0.0347
having no joints, and it = —--ceem oL
was found that the joints 2HSP 78.0 @.0315

of the principal rafters
affected on the ductility
of the frames.



5. TIME-HISTORY EARTHQUAKE RESPONSE ANALYSIS

5.1 MODELING OF HYSTERESIS LOOPS

Time-history earthquake response analysis was performed on a
three-hinged frame as shown in Fig. 8 of which span and height of
the eaves were respectively 30 meters and 9 meters. Two hys-
teresis models as shown in Fig.9 was assumed. Linear model was
assumed for a frame having no joints in the principal rafters
(Model(1)), and Bi-linear elastic model was assumed for a frame
having the mechanical joints in the principal rafters {(Model{2}))
from the experimental results of arched frames. In Model(2), the
lateral stiffness of a frame was reduced to one third of the ini-
tial stiffness when the moment at one of the joints became zero.
Although more accurate models depending on the hysteresis loops
should be used in the frame having the joints, simple models were
used to investigate the seismic behavior of the frame before the
failure of the glued-laminated timber and the joints. The damping
of the frame was assumed to be 0.01 and 0.902 for Models (1) and
(2) respectively from the experimental results. Japanese con-
struction code(2) requires that the drift of each story of the
building caused by the seismic shear for moderate earthquake mo-
tions (C0=0.2) should not exceed 1/200 (this value can be in-
creased to 1/120 if the non structural members shall have no
severe damage at the increased story drift limitation) of the
story height. Three lateral stiffness of 3.29kN/cm, 5.49kN/cm and
8.23kN/cm were assumed which corresponded to the lateral dis-
placement ratio of 1/120, 1/200 and 1/300 at the eaves in static
design depending on the base shear of 9.2.

5.2 EARTHQUAKE ACCELEROGRAM

Following accelerograms were used for the dynamic analysis.
(a) EL CENTRO May 1940 North-South.
(b) TAFT July 1952 East-West.
(c) HACHINOHE May 1968 North-South,

The maximum acceleration of these accelerograms was adjusted
to 450gal so that the maximum acceleration response of a frame
should be approximately 900 to 1000gal.



5.3 RESULTS

Fig.1® shows the maximum acceleration response in Models (1)
and (2). The maximum acceleration response of the frame
varied from 468 to 102l1gal in Model(1l) and 427 to 888gal in
Model(2) according to the lateral stiffness of the frame. The
maximum acceleration response was the largest when the natural
period of a frame was 0.95 seconds (K=5.5kN/cm) in EL CENTRO NS
and HACHINOHE NS accelerogram excitation and @.78 seconds
(K=8.2kN/cm) in TAFT EW accelerogram excitation. The maximum ac-
celeration magnification factor was 2.27 in Model(1l) and 1.97 in
Model (2} .

Fig.11 shows the maximum displacement response in Models (1)
and (2). The maximum displacement response was 12.1 to 27.6cm in
Model(l) and 11.5 to 24.4cm in Model (2). The maximum displace-
ment response was the largest when the natural pericd was 1.23
seconds (k=3.3kN/cm) in HACHINOHE NS accelerogram excitation, and
the maximum horizontal displacement ratio was approximately 1/37
in Model(1l) and 1/33 in Model(2).

Fig.12 shows the lateral force corresponding to the maximum
displacement response in Models {1) and {(2). The maximum lateral
force varied from 58.9 to 128kN in Model(1l) and 38.6 to 58.0kN in
Model(2). In any earthquake accelerogram excitation, the maximum
lateral force in Model(2) was reduced to approximately a half of
that in Model(1l). This reduction of the lateral force in Model (2)
might be caused mainly by the reduction of the lateral stiffness
with the joint slips, and it seems that the seismic load can be
reduced in the frame having certain types of mechanical joints.
However, further study should be done regarding the energy ab-
sorption in the hysteresis loops.

6. CONCLUSIONS

Summarizing the results of this study, the following conclu-~
sions are lead.
(1) Three specimens among four failed with the radial stress at
the curved part of the glued-laminated wood, and one failed with
the yield of a steel plate connecting the principal rafters. Both

kinds of failures were not expected when the specimens were



designed, and the difference of the safety factors among the
steel, wood and mechanical joints should be considered in case of
the design procedure.

(2) In three-hinged frames having the Jjoints in the principal
rafters, particular effect of the initial slips of the Joint was
observed. This effect might be caused by the difference of the
moment distribution In the right and left joints, and this effect
was small in two-hinged frame.

(3) The equivalent viscous damping of the three~hinged frames
having the joints in the principal rafters was 2 to 3% when the
deformation was small, and it coincided with the equivalent vis-
cous damping obtained from the experimental results of the
joints.

{4} The equivalent viscous damping of the three-hinged frame
having no joints in the principal rafters was approximately 1%,
and showed low damping capacity.

(5) The equivalent viscous damping of the frame after the fallure
of the glued-laminated timber by the radial stress at the curved
part increased to approximately 4%.

(6) The maximum load of each frame was 74.6 to 78.0kN regardless
Qf the types of Joint. The maximum radial stress calculated from
the maximum load was approximately 96.68kN/cm2.

(7) The horizontal displacement for the maximum load in three-
hinged frames and a two-hinged frame having the joints in the
principal rafters were 1.8 to 2.4 times as large as that of the
frame having no joints.

(8) The maximum acceleration response of the three~hinged frame
exclted by the earthquake accelerogram of which maximum accelera-
tion was adjusted to 450@gal varied Trom 468 to 1¢21gal in the
frame having no joints and 427 to 888gal in the frame having the
Joints in the principal rafters.

(9) The maximum displacement response was the largest when the
natural period was 1.23 seconds( k=3.3kN/cm) in Hachinohe NS ac-
celerogram excitation, and the maximum drift was 1/37 in the
Trame having no joints and 1/33 in the frame having the Jjoints in
the principal rafters of the height of eaves.

(1) The maximum shear response of the frame having the joints
was reduced to about a half of that of the frame having no



Jolnts. This fact concludes that the seismic load can be reduced
in a three-hinged frame having certain types of joint in the
principal rafters. However, further study should be done regard-

ing the energy absorption in the hysteresis loops.
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THE ROBUSTNESS OF TIMBER STRUCTURES
INTRODUCTION

Structural timber is frequently used for clear spans in excess of nine
metres in public buildings in Britain. Such applications are being
actively promoted. For example, recreational activities and competitive
sportg are increasingly being enclosed by means of timber structures. This
represents an ideal category of end-use for glulam. Also, with the
trussed rafter market for domestic applications being largely saturated,
that sector of the industry is increasingly offering solutions for roofs
for non-residential groups of building. In these, clear spans of up to
twenty metres are not uncommon. Glulam has far greater gpanning
petential, of course. Public buildings using glulam in excess of forty
metres span do exist in Britain, although they are not at present
commonplace.

On the continent of Europe, in Scandinavia and in North America, timber
gtructures in excess of sixty metres span are relatively frequently found.
The structural advantages, including lightness during erection and in
foundation design, and good fire resistance, are well known to
specialists. These features of structural timber can readily be supported
with ample documentation. The ability of a timber structure to resist
misuse however, and to remain stable after an accident which has affected
itg fabric, is less generally appreciated. In addition, the robustness of
timber structures is a subject which is extremely sparsely documented. Yet
it could probably be claimed that the majority of timber structures do
possess an inherently high degree of robustness; or that robustness could
be added with little extra detailing costs. The excellent performance of
timber structures in seismic regions is almost legendary.

In Britain, there is a perceived disadvantage for timber in the way that
the particular Building Regulations requirements for robustness might be
achieved. There ig also a lack of clarity , or even a complete gap in
information, as regards provisions for meeting the specific current
requirements for avoidance of disproportionate collapse in  public
buildings with clear spans exceeding nine metres.

Furthermore, TRADA became aware that the concept of structural robustness
and the general principle of avoidance of damage disproportionate to the
original cause, was to be incorporated in Eurocode No 1 and in the
individual material codes for Europe.

As a consequence, a three year research project was proposed to collate
and to supplement information on the response of timber structures to
forces leading to collapse. During the project, the ability of selected
structural timber forms to resist damage would be investigated. Finally,
and as quite a major apportiocnment of the effort, improved design guidance
on the subject would be drawn up. The proposal for such a project was
approved, and the work was commenced, with UK Government (DoE} partial
spongorship, in March 1989,

The purpose of this paper is to make CIB W~18 members aware of the initial
studies which have been undertaken on structural robustness, with special
reference to timber. In addition, the consultations and assessments being
undertaken will be described, with a view to inviting further comment and
suggestions. Information on the requirements and solutions, if any, in
other countries which W18 members represent, would be particularly valued.



CURRENT AND PREDICTED REQUIREMENTS FOR ROBUSTNESS

Ag  this paper will show, there is a Furopean context to the reguirements
for robustness. TFirst, however, the British background will be examined.
The notorious accidental event in Britain which made structural engineers
aware of the risks of progressive collapse was of course the Ronan Point
gas explosion. Regulations leading to the current Building Regulation A3
were developed as a consequence of the Government and the Institution of
Structural Engineers enguiries and reports upon this incident.

Aannex 1 reproduces the current Building Regulations and the Approved
Document provisions with respect to 'Disproportionate Collapse’. These
are the regulations for England and Wales, but in this respect, similar
principles apply in other parts of the UK. It can be seen that for
buildings having five or more storeys, the regulation is accepted as being
satisfled through the use of certain parts of the codes and standards for
concrete, steel and masgonry.

For buildings of fewer storeys, however, but which are in public use and
are of clear span exceeding nine metres, the requirement to avoid
disproportionate collapse is equally valid. This is a point sgometimes
misunderstood in the interpretation of the regulations.

In the British codes for all three of the materials mentioned above, BS
8110, concrete; BS 5950, steel, and BS 5628, magonry, there are at least
general considerations for the robustness of ‘all buildings’, ‘four storey
and below’ or ’‘every building frame’. BS 5268: Part 2; 1988 on the other
hand, is not referenced in the provisions meeting the requirement,
presumably because it was thought that it would be unlikely to be used for
buildings exceeding four storeys.

The inclusion of a requirement for all public buildings in excess of nine
metres span, irrespective of storey height, renders this an anomaly,
however. It might be advisable that in future the timber code which will
be wused in Britain should be thoroughly overhauled in respect of this and
related accidental action reguirements, The current clauses relating to
accidental damage contain a mixture of topics, including an attempt to
avert the worst consequences of exceptional snow drift loads arising from
a relatively new loading code; an attempt to claim that ‘no specific
design requirements are normally necessary for buildings up to four
gtoreys’ (why?) and a mention of special occupancies such as flour mills
and chemical plants.

The specific guidance given by British codes for concrete, steel and
masonry always involves the incorporation of ties, in order to, as BS 5950
puts it, ensure that ‘every building frame should be effectively tied
togethex at each principal floor and roof level’. BS 8110 comes close to
a reasonable definition of structural robustness, where, under the title
of this single word, it requires that:

Structures should be planned and designed so that they
are not unreasonably susceptible to the effects of
accidents. In particular, situations should be avoided
where damage to small areas of a structure or failure of
single elements may lead to collapse of major parts of
the structure,



For the foreseeable future in Britain, DoE have been giving consideration
to the possibility of covering the performance requirements of Regulation
A3 by a general guidance document on robustness. Consultation on the
topic is currently in hand with the Institution of Structural Engineers.
It is possible that these revisions may remove some of the artificial
regulatory distinctions between ‘Ronan Point’ type buildings and others.
For example, at present one is faced with the stark choice of deciding
whether or not in certain instances an accidental loading pressure of 34
kN/m? applies. In addition, the regulations may be revised to acknowledge
the general principle of the desirability of robustness, reflecting
perhaps the common unified rules of ECI.

The term ‘long span’ has come into use in discussing the requirements for
structures incorporating a ‘clear span exceeding nine metres between
supports’. It has even been proposed that this limit might be lowered to
seven metres. Neither of these values are of course truly ‘long spans’.
For example, BS 6100 'Glogsary of building and civil engineering terms’
regards a span in excess of fifty metres as a ‘large span structure’. This
is more in accordance with the authors’ understanding of the term.

THE EUROPEAN CONTEXT

The avoidance of disproportionate damage to construction works through
accidental effects has been incorporated in the essential requirements of
the Construction Products Directive. The regquirement under ‘Mechanical
resistance and stability’ is extracted as Bnnex 2 of this paper.

The early chapters of EC1 contain valuable guidance on the relevant
principles to be followed, particularly if the clauses are considered
carefully and reflected upon in the 1light of the accompanying commentary.
The clauses felt to be relevant are incorporated in Annex 3 of this paper.
It should be noted that the code agsumes that: adequate supervision is
always provided in factories and on site; construction is carried out by
personnel having the required skill and experience, and the specified use
of the structure will not be changed for the worse during its intended
life, unless recalculation is carried out. Thus it might be inferred that
in carrying out design checks against particular limit states in
accidental situations, such as explosion or impact, the desgigner is not at
the same time expected to consider that the structure might have
deteriorated or might be overloaded.

The avoidance of disproportionate damage is a fundamental requirement of
all of the commonly-formatted bases of design of the materials Burocodes.
ECl requires that the main structure should normally be designed to be
robust in such a way that it should not be damaged to an extent
disproportionate to any original cause. The commentary suggests that this
may be achieved by designing in such a way that if any single load bearing
member becomes incapable of carrying loads, then this will not cause
collapse of the whole structure. When necesgary, it may be ensured by
design or protection such that no essential member can be made ineffective
as the result of an accident.



Accidental actions are those for which the occurrence in a glven gtructure
and at a significant value is improbable. The commentary to ECl1 suggests
that accidental actions may include mainly the forces resulting from:

. impact

. explosion

+ ground subsidence

. earth or snow avalanches

. tornados in regions not normally exposed

The very fact that accidents are defined here as having a low probability
of occurrence highlights a major difficulty for those concerned with
quantifying recommendations for design against accidental effects. Data
are difficult to come by, and even more difficult to assess. Accidents
involving runaway Jlorries, small parts falling off aircraft, and
explosions are generally recorded, for example in press reports. However,
only specialized organizations collate the information in a systematic
way, and these bodies may not be willing to release sensitive information.

It should be noted that EC1 infers that the effects of earthquakes should
only be treated as accidental actions if local geotechnical data show that
they have a low probability of occurrence. The authors concur with this
view, and intend that seismic loadings shall not be included within the
project,

ECl also appears to acknowledge that extremely rare and catastrophically
large events, such as the falling of the fuselage of a Boeing 747 on part
of the wvillage of Lockerbie, simply cannot be provided for. The
commentary mentions the gituation ‘when the estimated value of the force
is ..... so important that it would be unreasonable to wish to assess the
integrity of the structure with regard to it‘.

Although ECl uses the word ‘robust’ in its 'fundamental reqguirement’ text,
the drafts of EC2, EC5 and EC6 appear to avoid the term in their
preliminary stages. In the ‘basis of design’ chapter, from the clauses on
fundamental requirements, through to those dealing with material
properties, ECS and EC6 contain virtually identical wording. They call
for reliability with an acceptable probability and having due regard to
costs. They suggest that this may be achieved by, amongst other measures,
appropriate detailing. They also indicate that the safety of people is an
uppermost consideration in the avoidance of ultimate limit states.



ECl is more explicit on the choice of an acceptable degree of reliability,
since it is intended to give the general principles concerning safety. It
calls for the choice to be made taking into account:

. rigsk to human life

. the number of human lives endangered

. economic losses resulting from failure

. the amount of expense and effort required to reduce the risk of
failure

This contrasts with the English Building Regulations, where the emphasis
is entirely upon the risk to human life.

Accidental actions are defined qualitatively in all of the material
Burocodes, and are allocated their separate symbols:

e
I

accidental action

o
|

" characteristic or specified value
Ay = ¥, By
A; may also be directly specified

Currently there are no specified British national values that could be
substituted for +trial Eurocode design purposes, so far as timber
structures are concerned. The value of 34 kN/m? referenced in relation to
certain situations for steel structures in the Building Regulations would
geldom if ever be capable of being withstood by timber construction. For
timber, venting would be likely to be a better strategy in extreme blast
loading situations.

Under ‘design requirements’, EC5 and EC6 state the verification conditioneg
for ultimate limit states. In certain cases, design values of actions are
directly compared with the corresponding design values of the resistance
capacity. Accidental design situations are explicitly provided for as
‘accidental combinations’ of action. This will presumably give scope for
the application of combination factors (Y values) which take into account
and alleviate improbable combinations (maximum snow and wind at the time
of the accident!).

Both codes state that combinations for accidental design involve either an
explicit accidental action A or the situation after an accidental event
(A = 0). EC6 states explicitly that the latter case is not covered,
whereas EC5 does not mention this, whether intenticonally or not.

Design requirements for the short~term safety and stability of a structure
which has been damaged by an accident, where the remaining parts of the
structure are considered after a significant area has collapsed, must be
especially problematical. This would require separate consideration from
the case where one is designing ensure that in the first instance collapse
is not progressive., Reliability acceptance would possibly be more akin to
that for a structure under fire, during action by the fire services.



In its chapter on design, the Burocode for masonry structures, EC6,
contains guidance on how robustness may be achieved. No such information
is to be found in EC5, however. EC6 calls for the general arrangement of
the structure and the connexion ¢of ite various elements to be such as to
give robustness. Buildings should be capable of resisting a notional
horizontal load, applied at each floor or roof level simultaneously, equal
to 1.5 per cent of the characteristic permanent load of the structure,
congidererd in fundamental combination. Many timber structures could
probably be shown to be capable of withstanding with little extra
detailing such a horizontal load as 1.5 per cent of the characteristic
permanent value, were it to be deemed appropriate.

The design clauses for masonry in accidental situations other than
earthquakes echo the desirability of avoidance of catastrophic collapse,
under reascnable circumstances. The connexions of walls to floors and
roofs are emphasized. Tying systems are also given prominence in
detailing clauses on limitation of accidental damage in a preliminary
draft of EC2. EC6 even goes as far as to suggest that a boarded timber
joist floor may be shown to develop sufficient diaphragm action to
trangmit lateral loads. It is not known to the authors whether any
calculationsg have ever been performed to demonstrate this. It would
certainly seem likely that at least a plywood diaphragm could perform
well.

Concluding an overview of the developing proposals in the ¥urocodes for
avoidance of disproportionate damage, it has been shown that this is
gtated as a fundamental principle. It is required in the CPD, and stated
in general terms in ECLl and in all of the materials codes. The requirement
in principle is independent of building size, number of storeys, etc. All
codes have agreed upon a definition of accidental actions.

Values of actions are a different matter of course, and these will
presumably be a matter for the EC9 drafting experts to decide. There is a
fair amount of guidance on acceptable degrees of reliability that might be
used to place limits upon the cost of additional precautions, if any , for
very small structures such as single occupancy dwellings. The Eurocodes
for concrete and masonry will probably place considerable emphasis upon
tying the structure together, as well as selecting forms having low
sensitivity and providing for redundancy paths in load transfer. EC5 does
not appear to have addressed these matters at all.

ASPECTS OF RESEARCH IN HAND

A literature review has been extended to robustness and the avoidance of
disproportionate collapse in all structural materials, not merely timber,
A list of the codes and standards referenced in the text of this paper is
included as Annex 4, whilst some bibliographical items already collected
are given in Annex 5. To date, the following organizations in Britain have
provided useful information: the structural code committee concerned with
the steel code BS 5950 and the Steel Construction Institute; the
Structural Integrity Division of the Building Research Establishment; the
Brick Development Association., Information is still scarce on certain
gquestions. In particular the authors would like to know the reasoning
which led to certain structural code committee decisions on apparently ad
hoc detailing requirements and exemptions. Data relating areas or volumes
of presumed localized failure due to the intensity and diffusion of



pressure from explosions are also required. Actual materials data for
timber and mechanical fasteners for wood under extremely short duration
loadings may also be found wanting.

In an assessment of the types of timber structure for which accidental
damage design may be required, several aspects of work have been
initiated.

Fire constraints and the designation of purpose groups of building for
fire engineering considerations, may be indirectly helpful. it is
realized, of course, +that fire spread and resistance are completely
gseparate topics from ’accidental damage design’. However, the size, plan
and layout of a timber structure, according to its occupancy purpose, will
be dictated to some extent by the spatial considerations relating to such
requirements. Thus the assessment of the gensitivity of categories of
timber structure to accidental damage may be assisted Lf maximum areas,
volumes and room heights in terms of fire reguirements can be stated. To
this end, a schedule of such constraints has been drawn up and is being
agsessed.

In order to categorize ‘long-span’ public buildings in timber, in current
regulations terms those having clear spans exceeding nine metres, a number
of British firms involved in the manufacture of such buildings have been
contacted, with a request for assistance. The types of timber structure
presently being constructed in the UK, to which ‘large numbers of people’
could resort, have been reviewed. A good response wasg obtained from
manufacturers, permitting a tabular categorization by form and by type of
element (solid timber, glulam, trussed rafter, plywocod components).

An important forthcoming step will be to commence to assess the categories
of timber structure mentioned above in terms of their current robustness
uging typical details presently applied, and in terms of predicted new
requirements. Hybrid gtructures {(timber-masonxry, etc) are also
economically important, of course, and these will require inclusion in the
exercise,

Preliminary calculations have been made, relating to the robustness of a
typical long-span timber structure. This incorporated parallel, non load
sharing frameworks, In attempting such practical calculations,
difficulties have to be faced up to in deciding at what point collapse is
considered to have become 'disproportionate’ and under what conditions the
remainder of the sgtructure must survive. Analytical assessments of
typical structures are likely to continue to rlay a part in the project,
but at present it is felt that for these to continue, at least preliminary
Judgements must be made on reliability criteria, as well as the geeking of
statistics on probability of accidental events related to building purpose
groups.



ACCIDENTAL ACTIONS

Independently of the definitions and statements of causes of accidental
action given in the Eurocodes (particularly ECl}) which were reviewed
above, the Steering Committee of the TRADA research project has considered
various causes and their relevance to the robustness of timber structures.
Clearly, it is not an economical approach to ignore the causes and simply
explore the behaviour of the damaged timber structure independently of
this. Indeed, in following limit state design procedures, it becomes
virtually impossible to do so, because partial coefficients for actions
and combination factors are  probabilistically based and must be
statistically assessed., Special statistical techniques, developed to deal
with sparse, ‘loose toleranced‘’ data, may be required.

Explosions, especially those arising from various types of gas combustion,
are clearly one of the main causes of accident which should be taken into
account. Data on gas explosions frequently relate to incidents within
confined spaces, especially in masonry buildings. For ‘long-span’
structures, including those incorporating service and ancillary rooms and
chambers, such data are not easy to interpret. Further information is
required on volume and ventilation effects, as well as pulse profiles for
various gaseous mixtures. The Explosives Safety Branch of the Property
Services RAgency, Health and Safety Executive and similar bodies are to be
approached.

Impact 1is another frequently-cited source of accidental damage to
buildings. Views are commonly expressed on the effectiveness or otherwisge
of bollards and other protective devices in preventing vehicle impact. In
general, it has to be concluded that adequate robustness should be
provided against reasonably probable damage from impact, both from
vehicles and from other normally rarer events, without placing reliance
upon such dubious protective means.

In the view of those consulted, few other accidental situations which were
relevant in Britain could be envisaged. Moderate sabotage damage might be
more limited in its effect, if a vreasonably robust structure were to be
provided. It would presumably fall into the category of an uncertainty
that could be qualitatively identified, but that  would remain
unqguantifiable.

It was felt that any recommendations developed by the project should not
attempt to cater for the effects of poor quality in manufacture or
erection, nor for lack of guality control or inspection in the factory or
on site. The assumptions in the preliminary sections of the Eurocodes
support this wview. BAbuse of floor loading limits and similar misuse of
buildings must also be eliminated from the scope.

Sudden localized foundation failures or subsidence of parts of a building
are undoubtedly a possibility that must be admitted. However, it is
likely to be a problem limited to known gecographical regions, and one
which must be dealt with both by taking special precautions and also by
taking advantage of any robustness already added for more general reasons,



A strong contributory cause of the eventual complete collapse of already
unsatisfactory buildings has often been noted to be the ponding of flat
roofs which have deflected excessively. This has been observed in certain
types of timber structure which have performed poorly. However, the
remedy is clearly avoidance of exceeding the serviceability limit state in
the first instance. The Eurocodes recognize that states which immediately
precede structural collapse and which are considered in place of the
collapse itself, are also treated as ultimate limit states, Hence a badly
ponded flat roof would be deemed already to have failed, although in some
instances the occupants might have wished to have been informed that this
wag the case, in order to leave in time!

It is also the view that exceptional drift snow loads do not constitute a
genuine form of accidental loading, if their occurrence has been predicted
by a probabilistic loading code. The BS 5268 code committee would be well
advised to reconsider certain clauses recently inserted in the British
structural timber code and to avoid further confusing the accidental
damage provisions with this separate topic.

As already indicated, a review was made of the British code requirements
for robustness. The British codes of practice for the major construction
materials (timber, masonry, reinforced concrete and steel) have differing
requirements for the provision of a robust and stable structure. However,
the codes for all four materials have the following somewhat general
reguirements:

. arrange the layout of the gtructure to ensure the required
interaction between structural elements

- ensure that the structure is insensitive to the effects of misguse
or accident

These are the dole requirements of the timber code in respect of the
provision of a robust and stable structure. The codes for the three other
materials, on the other hand, alsc have a regulrement that at any level,
the structure shall be able to resist a notional horizontal load, given as
a fraction, usually one and a half per cent, of the vertical load. This
was estimated to take account of factors such as lack of verticality.

PROPOSALS

It seems reasonable to assume that the robustness of timber structures and
their ability to withstand accidents should be equal to that for other
materials, However, the comparison should be made in relation to building
size and building occupancy class. Without major cost implications, code
writers and designers in steel and reinforced concrete can at least adopt
ad hoc precautions which will provide some required additional degree of
registance. In timber, however, it is important not simply to mimic such
measures, but to consider the requirements from first principles.

The imposition of new and unacceptable requirements upon timber structures
ariging merely for the sake of harmonization across materials would be
most unfortunate.



A consequence of the project might be a conscious decision that for
certain classes of structure, including small buildings for example, the
risk to life from accidental effects upon the building fabric are
"acceptably improbable‘. Taking due acgount of the expense and effort in
further reducing the risk of failure, it might be that design rules and
details for such structures are unaltered. Nevertheless, it is important
to demonstrate that this is so, rather than dismiesing robustness as being
of no consequence to timber structures.

In public buildings of some as yet unredefined size or type, it seems
unlikely that timber code writers and designers will be able to continue
to evade the topic. The following steps are proposed, therefore:

. categorize buildings in terms of purpose and end use. The purpose
groups included in the ‘English’ Building Regulations for fire
regulations may provide a starting point;

. carry out a study of the availability of data and of the
guitability of statistical techniques which may be employed in
taking into account the criteria for reliability laid down in EC1
(risk to life; economic losses; expense to reduce risk).

In the end, it seems likely that it will be necessary to take best
estimates and ‘state of art’ guidance upon effects of accidental actions,
and to apply these analytically to the common features of the forms of
construction concerned.

Finally, it is felt that because of the frequently inherently robust
nature of timber construction, the effects of a number of forms of
accidental action can be provided for, without greatly adding to costs.
This will entail acceptance of the fact that a degree of localized damage
ig inevitable. However, methods can be developed which should enable
measures to be described to limit that damage in its extent and to ensure
that there are not risks of progressive collapse.

chriscib.rep
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INFLUENCE OF GEOMETRICAL AND STRUCTURAL IMPERFECTIONS
ON THE LIMIT LOAD OF WOOD COLUMNS

Pavel DUTKO*

1, THEORETICAL ASSUMPTIONS

Real columns in wood structures are not ideally straight
but have unavoidable imperfections, of shape which develop du-
ring the production process, transport, erection or exploite=—
tion of the structure.

Because of anisobtropic sbtructure of wood there is also
an unever distrivution of matter over the cross section of the
column so the geometric cenbtre of bthe cross section does not
coincide with the centre of graevty. The influence of these
both imperfectlions -~ geometric and sbtructural - which determi-
ning the limit load of the column can be taken into account
considering an initially crooked column in the form of a half
sine curwe with a maximum initial out~of-sbraighbtness at mid-
heighe €y We will call e, an gquivalent oub-~of-gbraight-~
ness.

The differential equation of an initilally crooked column

has the form /Fig.l/

Vs 1
EIy ==/t /1/

£Zn'=—N/[e, ~aq ) /2/

"Assoc. Prof., Dipl.Ing., Cand. Techn.Sei., Slovak Technical
University, Civil Enginesering Faculbty, Chair for Steel and
Timber Structures, Bratislava, Czechoslovakia




From Eq.2 we obbain the ordinate in an arbitrary place of
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The ultimate sbress of the column results from the
strength condition
A N e, N
: -+ o = 7 p

which states that the normal stress at the most severely stres—
sed fiber at midheight of the column can reach maximum the
yield stress of the wood maberial.

Substituting the ulbtimate stress Q;==~%%E y £g.5 for g

£ A
and relative eccentricity m = E} / where j 1is defining the
core radius/ into Eq.6 we obbtain a quadrabtic equation for the

ultimate stress in the form



O = O LG (14 m0 )+ T3 )+ 0 g = 0 /7/

N

from which we have
e GE (T4 )+ Op | U (14 m )+ a7 T
/7?11,/2 Z 4,_

According to the Czechoslovak standard GSN 73 1701 "De-

~g g /8/

sogn of wood building structures" the reliability of centrica-

11y loaded columns with compact cross section by
i

T = A ¢ = Bew Redy /9
where ¢  is the buckling coefficient, which can be evoluated
from

I =G f e g I /10//
7

where q;’ is the compression sbtrength of the wood.
The values of the buckling coefficient ¢ can be thus for
columnsg of varying slenderness A evoluated from the ratio of

the ultimate stress 0y and the compression strength of wood

ﬂ}E

7| 0F 1 [ % S/
T R + | 2= L E
_5;2 2 [ 7 [7?"‘/?7’29)—{'7} i I/? [ a; /7+/m0/+7 0; _/ll/
2+ EXPERIMENTAL DETERMINATION OF PARAMETERS €y My Nm, NE

To be able to btake into account the influence of geome-
trical and structural imperfections when assessing the relia-
bilibty of compressed wood columns using Eq:9, it was necessa-
ry to determine the basic parameters for the ultimabe sbtress
calculation and the appropriate values of the buckling coe-

fficient }9 experimentally. The experiments were carried out



at the Depsrtiment of Steel and Wood Structures at the Slovak

Technical University in Bratislava.

Four types of columns were investigated /Fig. 2/:

Type A - two-part column /without a distant piece/,
Type B - built~-up ecolumn of two basic parts,

Type C - compact column,

Type D - built-up column of one basic part and

two continnous distant pieces.
Thirty specimens were fabricated and tested of every iype
with the slenderness A = 10; 20; 40; 60; 80; 100; 120 - i.e.

840 columns in all. Their shape and dimensions are alsc in

Fig. 2.
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The columns were fabricated from spruce timber 60 mm thitk
which was second seasoned for 6 moniths by 18°C temperature and
60 % abs, humidity. Uader atabilized climatic conditions the
humidity of wood specimen . fluctuatied in the range w = 12 to
13 % abs.

The experiments were carried out on a 1000 kN jack /Fig.3/.

The pinnad support of the columns was in the plane of the
- sgumed deflection assured by means of a steel fixture. The step
of loading - 10 to 15 kN/ggﬁ. At the end of the experiment -
befors reaching the collapse of the column - the rate of loa-
ding had showed down.

During the experiment was determined:
a/ the transversal deformetion at the midhaight of the column

qz of the basic psrts of specimens under every load step



of 1.0 kN with the accurag; 0.001 mm /Fig. 3/;

b/ the ultimate load of the columns N /when the transver-
aal deformationa began quickly to rise without further
raising of the load &nd the column failed under compre-

ssion and bending/.
3. METHOD OF EVALUATION OF EXPERIMENTAL RESULTS

The values of parameter Nm ware dgtermined on the basis
of direct measurements. The parameter e and NE were determi-
ned by the method which was first published by R.,S. Sauthwel

[Z¥ 1. The value of o in the middle of column haight is

N €, fo
= re o e /12
[ 7y VA Y /
After rearrangement we obtain the aquation of a line
A
b=y — % /13/

So, when we plot the values 75? as a funktion of Mo 3

the points must lie on a line.

N - normal force in the column during load steps,

Mo ™ tfansversal deformation of the column at the midlheight
under the load N,

Practiecal use of the funktion in the determination of agui-

valent deformation e_. is shown in Fig. 4.

0
Equation /12/ csn be rearranged into
/?0 60 "L /?D /
e 14/
N N
#rom which we can determine the value ef eritical force
&, 1
N = “'_7”"?— = Citg & /15/
o

Y
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where the value % is deducted from the dilagram 1n
[+
Fig. 4. N

The values of parameters Nm , NE y €, and m_ are stored
in the author’s archive.

The raltionsship of maximum probability values of equi-
valent deformation e, and relative eccentricity m, and also
the relationship of minimum probability values of Euler’s
eriticel load N, and the limit load N on the slenderness A
of the column was determined by regression asnalysis with the
probability of occurence of higher /in determining of 2, and
m, / or lower values /in determining Np and N /-= 0.081 .

The relationship of parameters y = /eo;mo;NE;Nm/ on
the slenderness of the column x = / A / was expressed by &

polynomial whose degree k was choosen on the basis of esti~



mation of the functional relationship as follows:

- if the estimated curve is linear
AKim 1 g=A, 4,47

- if the estimated curve is nop~linear /16/
ko= 2 4 = Agt A, KT A, kP

- if the estimated curve is non-linear with a point of
inflection

A=3 g Ayt A, XAy xPp Ay 7

in which y - examined parameter /e my; Ng3 N/,

Ai - coefficients of the regression curve.

4. RESULTS OF REGRESSION ANALYSIS OF PARAMETERS EXAMINED
EXPERIMENTALLY

The results of regression analysis® of the examined para-
meters are shown in tables 1 to 16 for all types of columns,
The tables show:
- type of the column /A, B, C, D/;
- examined parameter /e ; Np; N ; m_ /;
~ coefficients of the apropriate regression curve /Ao;Al;"'Ai/;
and numerical values and graphical representations of the exa-
mined parameter in the relationship to the slenderness of the
column,
In the table 17 there are values of the ratio of minimal proba -
bility limit lo2d to Euler’s critical load Nm/NE as a function
of the slenderness A = 20 to 120 for all examined types of co-
lumne, The graphicsl representation of the relationship /Fig.5/
allows us to observe the negative influence of geometric and

‘gtructural imperfectiona on the limit load of wood columns,

* Compuber code for reégression analysis solution is from
V1. Mackuliak
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Tab, 17

Ratio N_/N. of a column of type
is M O
A
A B C D
10 1 1 1 1
20 0.8009 0.828T7 0.7408 C.8358
40 0. 7861 0.8046 0.7939 0.7556
60 0.8153 C.8341 0.8494 C.7569
80 0.8946 0. 9067 0. 9275 0.8248
100 1.0100 | 1,0031 1.0387 | 0.9121
120 0.,9113 0.9735 0.9873 0.9751
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5. CONCLUSION

Results of the mathematic-statistical evaluabion of a
large sebt of experiments for the determination of the limit
load of wood columns have shown that the influence of geome-
trical and structural imperfections was mostly expressed in
columns of slenderness A= 40 /types Ay By D/ and A =20
/type D/ As can be sgeen from Fig. 5 the influence of imper-
fections is not neglective in columns of slenderness A= 40
to 100.

Informations obtained from the theoretical and experimen-
tal analyses of the limit load of wood columns will serve as
a basis for the work of the standard committee for SN 73 1701

"Design of wood building structures".
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Comment o the strength classes in Rurocode 5 by an analysls
[

of & stochastic model of grading

hy
Miichasl Klesel, @1 Wismar, GDR

1. Tntroduction

Tn this comment an analysig of distribution functions of
strength and elastic properties of timber subjectet fo con-
tinuoug classilTication is undertaken., Furthermore relations
to Lurccode % /1/ will be ghown,

In /1/ strength clagses of timber are expressed by characte-

ristic values X these values arc estimated by a fixed

o
fractile of & siatimtical distribution. ‘The type of distri-
bution is determind by the 3-parameter Welbull distribution,
the fractile hy the S-percentile value. Testing conditions

( 20° + 2%C; 6% 4 5 %) snd load duration (3.,.5 mins.)} by

the investigation of teot data of spicimen in structural

cizes are unifyed. Burocode 5 likewise containe informatiocn
about methods of classification for timber (visual asses~
ment, non-destructiv measurment of one or more properties,
combination of the two methods) and derives from this specific

demands about the composition of the random sample.

2, Steochasbic model

The stochasbic model of continuous classification by Pohl-
mann and Raclkwitz /2/ is bused on the bivariate normal disbtri-

hibion between the strangth property ¥ and the grading cri-

terion X

£E B (p,s 55)

< YCN(/&'G?).

v’
Phe stochastic connaction bebtween the two properties 1s de-
scribed through the coefficient of correlation E%xy'

From this distribution the linsar regression analysis is
derivated. The regression equation B (YI1X) = X +px and
the normal distributed error with the residusl variance
connect the dependent variate Y with the cause variable X.
The following connection exists between the variance of the

strenzth property and the residual variance



2. 2 2
6= 65 . (1= gqy) (1)

The grading criterion X can only be determind with a mea-
surment error T . In the stochastic model this value T 1is
considered by a normal distribution T € N ( 0O Efé).
Under these assumptions the density function of the strength

property of a grade 1is

LI f@“‘”*\a,@(ﬁow ~@(.‘«ig:_ﬁ_. (2)
K66y /

whore

9o x| 9y~ My | 2 2

< - cz(\ 06“;—&\—&’5’--3—) 262, 62

2 2

2. b5 & 2 _ g2, -2 Y, &
61 b2 6« 62 63 51? 63 —“_)%"2/52
[ - ' g
" _&f._3+_£i§,.t,f?; C b

LB 2] 1 62 67 |

‘f,@ .. denasity funchiion, diatribution function ol the

standurdined normnal diptribution

Phe distribution function cun be found by numerical lntegra-

Llon y
Ply) = jff‘(y) . 4y (3)

A penoralizotion of the stochastic wmodel results under con-
aideration of the expzctat value m {Y1£) of the repgression
aquation as the grading criterion ¥, ‘Phon it is alwso possible
to expend the snalysis to the multiple regression model.

Phie ig shown in fig. 1, whoro tent deta of compression paral-
el to grain and expectet values of a multiple regression
aquation are conbrastal,

Pigm. 1 estimates toot duta of a random sample. Yor the bi-

variate normacl dictribution follows
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=05 =t T oy °y gxy © by y
Mhen it is poseilble fo nescertain the characteristic fractiles

of order p bY

{‘ b -} s o
STy AL By (4)
I'he values &p fop the U,US-Ffractile under supposition of
theoretical grades A, 2 and O according to IMg. 1 are de-

y

aoribed in fig. <.

3, Analysis of the stochastic model

for stronghh and elastic properties of non-classified Kuro-
pean redwood and whitewood the characterietic paranmeter
MeAn Ay and coefficient of variation can be supposed by
Table 1.

aple 1 Parameter of the normal distribution for non-clag=-

cified surcpean rodweod and whitewood {moisture

oo 2
content 12 %) ( W/mm" )
- . 1 . i) - ~ N “
Parameter fending lension Compreseion lodulus of
glusticity
r ki T b
Hl 'b [} (}\ C', O LU

mean M., A5 3U 35 11 GO0

coefflclent of 0,30 0,735 6,20 0,205
variation VV

Wollowing multiple coefficients of correlation (/3/, /4/ and

own rasultso ) axist batweaen strensth and elastic properties
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Table 2 Multiple coefficients of correlation between pgra-
ding criterions and strength and elastic proper-

ties of iuropean redwood and whitewood

mabhod of grading _ correlation to

f;r! ft,O fc,O E{J

viaual assesment(f.i./5/) G, 5 0,6 0,5 O, 4
mechanical grading {criterion: 0,7 Q,7 o, 7 1
modulus of elasticity)

mechanical grading (criterion: 0,75 0,8 0,75 1

EU and knot area ratbio)
7

Under thesc assumpitions the characteristic 0,05~fractiles
af luble 3 are resulting. lhese values apply for a clas-
cification into theorabticol gradoes (signified i, ¥ and )

daseribed in RPig. 1. Furthermore the ratios

[ = 0,05-Tractile / 0,01-fractile

ara asce

i

tained to aharacterise the scatter of strenpsth and

glastic nrd

the results of this analyoic are then used to assigne the

-

gradas to sbandard strangtii clacsos ol surocodea D.

A, Conclusion for sarecods 5

fhe bheorebical wnolvods of tho dlsiribubion functicns for
gstrength and elastic propertias of timber grades shows, that
the characterinstic valuen Xk and the ratios ¥ depend to a

high degree on the coafficients of correlation,
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In ordar to reach a higher coefficient of correlation

higher efforts are necessary for the technologilcal proces

of grading, too0.

a) Ihe understandable gseparation of standard strength classes
frowm specific grading rules in warocode 5, the great diffe-
rences between the characteristic values of standard strength
eclagees 06 to 08 and the for all atrength properties unitary
partial coefficlent fu involve losses for the usage of the
maberial properties, thgh would be poesible through the
principles of the code.

With regard to the accomplished analyeis o widening of the

claseilication rules us lolloww would be usefuls

classification rules

f f . A [P trengzt a
M, K oL UK Ty0,K O, maan strength claes
. al % h

Lx bx bx bx-T Cx

Then it would be posgible to assipgne the theoretical grade B

for maschine stress grading into the strenpth class Ch.
&) {> '

b) A great scatter of strength properties for tension below the
0,05-Tractile is characteristic for the theoretical grade CI
(corresponding stundard strongth class €3). In agreement

with the available praxis in the ubit by the standards /5/ and
/6/ it should be discussed if the usage of materials of this
standard strength class for ibension stresses nad to bhe excluded.

¢)in analysie of the sbtochustic model different ratios

D) and E. F vom bthe valuas :in /1/ are resmnlting.
O,k/fm o ant U,l/ ¢, 0, f om a valuas :in /1/ are sl ting
The effectn of these dev 1atlon have to ba proofed. An

examplea therclore glivens Plged .
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A.8.Freidin

PERSPECTIVE ADHESIVES AND PROTECTIVE COATINGS
FOR WOOD STRUCTURES

Principal requirement, which traditionally refers te adhesi-
ves and protective coatings for wood structures, including low-
rise house-buildings, is atmospheric and temporal durability. At~
mospheric durability has connection with water resistance which
serves as preliminary express~test for estimation of properties
of coatings and adhesives.

Development of industrialized manufacture of new wood board
materials, perfection of new wood structures design solutions,
and especially increased oecological requireﬁents Yo environment
protection and Yo ensuring of sanitary and hygienic purity cof in-
dustrial production and usage of structures (including wooden hou-
ses), led to necessity of revision of adhesive and protective pa-
intwork material assortment, used during wood structure manufactu-
re. Intensive development of chemical industry in the field of
manufacture of new polymer adhesives and protective materials, as
well as success of estimation of process mechanisms which take
place in wood structures when using them under different temperatu-
re and humidity conditions, favours this.

Research of glued and protected wood under different tempera-
ture-humidity conditions, carried out during many years, including
the influence of static and dynamic cyclic load, allowed to draw
conclusion that in most cases non-chemical destruction processes
is the reason of failure of glued joints or protective coatings;
and physical fatigue processes appear because of the action of interf
nal stresses caused by the difference between deformation proces-—

ses of wood or wood materials on the one hand, and of polymer glu-



ed Jjoints or coatings on the other hand.

Adhesive s. Resorcinol resin adhesives and phenolic-
elastomer adhesives are the most high-guality adhesives, which
are used everywhere for manufacture of main wood structures. At-
tempts to substitute them for epoxy adhesives, which have better
physical-mechanical cheracteristics and high adhesion towards va-
rious maeterials, proved a failure. It depends upon specific natu-
re of wood and of materials on its basis. It is known that adhe-
sion towards wood materials is debtermined mnot only by chemical
processes but by mechanical forces also, because of adhesive flow-
in into cut wood grain and impregnation of boundary wood layer
with adhesive. Due to geood wetting power and not very high visco-
sity these processes are effective when using resorcinol resin,
phenolic and similar adhesives.

Nowadays great attention is paid to improving traditional ad-
hesives of resorcinol resin type. The question 1s to improve eco-
nomic and sanitary-hygienic characteristics of adhesives and to
carry out modification of adhesive properties.

As for the first task, perspective adhesives are those deman-
ding possibly lesser resorcin expenditure without detericration
of service properties of adhesives. At the same tTime it is requi-
red that final product should emit less noxious substances, and
besides that when synthesizing sdhesives it should be less toxic
waste polluting environment. Furthermore, it is impossible to for-
get about power-intensity. With other equal conditions, less po-
wer-intensive adhesive during synthesis and processing will have
advantages.

Phenolic-resorcinol adhesives with their properties differ

very little from resorcinol adhesives ones but they are more eco-
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nomic and require less resorcin which is expensive and scarce, it
made for their wide use. However, there are not very many adhesi-
ve sorts among them with small content of free phenol. As one can
judge by the following data, the least content of free phenol is

registered for Soviet adhesives @PP-50 and OQPP-50K and for

Finnish one P$-30:

PPe~50K  (USSR) - 4,0%
¢re-50 (USSR) - 5,3%
LIPX-I4P  (USSR) - 4,0%
PP-30 (Finland) - 3,0%
Cauresin 440 (GFR) -I4,0%
Racoll @P-I00  (GFR) ~I5,%%
Sofra P3-I85 (France) - 8,7%
Casco I7I0 (Sweden) : - 7,0

Aerodux I85 (Switzerland) ~I18%

RBesides, adhesives @PP-50 and PP~50K have the following
advantage: during synthesis they are obtained by no-waste techno-
logy without sewage, drying and so on. As for technological proper-
ties, storage terms and so on, they don't yileld to usual adhesives.

Furthermore, adhesive PPP-50K is one of the most economic
adhesives of such type, as it requires a little resorcin. Ratio ,
phenol: resorcin during synthesis makes up I00:300. Adhesives QPO-
=50 and $PP-50K are widely used for manufacture of the most main
wood structures in the USER.

4g it is known, Estonian 0il shales are the source of unigue
raw material -~ alkyl resorcins, which substitute resorcin succes-
sfully during adhesive synthesis. This caused purchase of licence
for manufacture of adhesives from alkyl resorcins by Japan and

Finland. Alkyl resorcin-phenolic adhesive JIZ{~I4P is widely used
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in the USSR for manufacture of mass agricultural, industrial and
cultural~public buildings. Improved adhesives of this type are
developed in order to reduce expenditure coefficiénts of raw ma-
terial and to improve sanitary~hygienic and technological charac-
teristics of final product.

As for the second task, the most effective adhesive modifi-
cation is that for the purpose of regulation of deformation cha-
racteristics and for the purpose of creation of adhesives with
preset properties (tailor-made adhesives). It is required not on-
ly for glueing traditional wood structures but for manufacture of
structures from materials, which differ by mechanical characteris-
tics, as in this case the most considerable temperature-humidity
and other internal stresses appear, which reduce durability. For
example, connection of wood structure elements with the help of
glued-in wood metal bars can be mentioned, as well as structure
manufacture from new wood base material - cement~chip boards and
s0 on. Adhesives of resorcin type yield to modification in most
effective way.

Modification principles and industrial compounding are deve-
loped for adhesives, modificated with ligquid rubbers and synthetic
rubber latexes. Modification of adhesive FPP-50 with ligquid po-
lysulphide Tubber gives up adhesive PPP-50T 4§ modification of ad-
hesive QPP®-50 with bubadiene-styrene-acryl-nitril latex gives up
adhesive @PP-50] . Modulus of elasticity of these adhesives can
fluetuate within considerable range. It ensures essential decrease
of internal stresses without considerable change of load-carrying
capacity.

Thus, when pinewcod joints, shear strength of adhesive PP¢-

50J makes up not less than 6,5 MPa with destruction of wood, and
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in oak-, beech~ and hornbeamwood it makes I3%,5 MPa.

Modulus of elasticity of adhesive QPP~S0T decreases from
II60 to 370 MPa in comparison with adhesive ¢PP-50 , when 35 mass.
p, polysulphide rubber are used for IO0 mass.p. of resin, and in-
ternal stresses make up from 5,5 to I,2 MPa, respectively. For
similar change of properties of adhesive @PP-50]] consideradbly gre-
ater guantity of latex 1s used. This fact reduces essentially adhe-
give cost. The second advantage of resorcin-latex adhesives is the
possibility to use liquid hardener instead of powdery paraformal-
dehyde. Adhesives @PP~DOT and PPDP-50]l are recommended for joints
of wood with steel bars instead of epoxy ones, as they have higher
heat stebility, what is important in case of fire. When temperabtu-
re increases from 20°C up to I50°C, breaking load of such Jjoints
with epoxy adhesive decreases by 89% and with adhesive QPP-0HO0T
- by 2%%.

Adhesive PPP-50] is recommended for manufacture of panel
structures from box-like elements of Folding type on the basis of
cement-chipboards. Such structures are used in block-containers and
in few-storey house-building.

Experimental check has shown that such modificated - adhesives
successfully resist to eccelerate cyclic temperature~humlidity age-
ing.

From adhesives of other types in some countries polyurethane
water—dispersive adhesives are widely spread. They are two-compo-
nent ones and consist of water dispersion of polymer and hardéner.
By changing ratio of dispersion and herdener technological and phy- .
sical-mechanical characteristics of glued Jjoint can be easily regu-
lated. In this respect polyurethane adhesives differ essentially

from epoxy, resorcin and other adhesives.
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The greatest experience is accumulated in Japan and the the
USA in the field of use of waterdispersive polyurethane adhesives
for plywood manufacture, for production of panels for few-storey
house-building and for wood particle boards manufacture. Glued wo-
0d with polyurethane adhesive Isoset doesn't yileld to wood glued
with phenol-resorcin adheéive.

According to literature basis, Japan has about IS5 years of
practical experience in the field of mass application of stendard
houses with wall, roof and floor panels made with such polyuretha-
ne adhesives. In the USA these adhesives are used for manufacture
of doors and other millwork working under atmospheric conditionms,
as well as for manufactire of fire-resistant structures.

However, omne should admit that polyurethane adhesives have
not yet won firm position in wood structure industry. Future will
show if hopes are justified for this adhesive class, which is wiw
dely used for glueing other structural materials.

Protective coating s. Perfection of protec-
tive treatment of wood structures and wood materials goes in vari-
ous directions. On the one hand, there is a task of development of
compound with complex action: fire-, bio-, moisture-proof. They
are required for limited class of conditions dbut their absence ca~
uses great trouble for spreading of application of such structures.

When developing preparations of complex action, various modi-
fications are created, which ensure presence of prevailing effect
(bio-, fire~ or moisture-protection). This gllows to choose protec-—
tive means considering structure purpose and conditions of éxploi-
tation. On the other hand, it is regquired to make a proposal about
improvement to technicsel-economic indices of protection process,

on the basis of long~bterm exploitation of protected wood materials,
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as well as on the basis of laboratory research of polymer and other
materials.

The problem of improvement of constructive measures for wood
structure protection can be also singled outb.

As an example of complex action compound one can mention com-
pound on the basis of trichlorethylphosphate (TCEP), mass product
of chemical industry. Mentioned compound doesn't conceal texture
of wood, doesn't wet it in the process of protective treatment,
doesn't reduce glueing strength. In ensures even by surface appli-
cation (expenditure 600 g/mz) high fire-resistance level of wood
and of wood board materials. At the same time compound is charac-
terized by high level of bioprotective abiliﬁy with expenditure
200 g/mz. |

Nowedays, it ié studied the following problem: how to give
hydrophobic properties to wood or wood board materials treated
with TCEP.

As the basic component of the compound (TCEP) is effective
plasticizer, this problem cannot be solved by traditional way, by
means of application of paintwork materials.

Among the compounds, characterized by complex of protective
properties, composition BEK can be singled out on the basis of brown
coal wex, cheap material in wide supply. High moisture- and biopro-
tective effect of composition mentioned combines with certain fi-
re-protective eability, caused by insignificant bloating by fire
influence.

Nowadays, great attention is paid to development of fire- and
explosion-proof, cecologically pure water-dispersive compounds, in-
tended for protection of structures against humidificatlon by ex-

ploitation. Level of compound protective properties schould be com-

mensurable with analogous index of organosoluble paintwork materi-
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gls on the bagis of alkyd and perchlorvinyl resins, which were
earlier used for these purposes.

Among studied compounds the most effectlive ones are water
compounds on the besis of latexes of some synthebic rubbers, in-
cluding rubbers combined with various active admixture.

In particular, latex-phosphate composition "Fankor" is deve-
loped for protection of cement-chipboards. This composition is
characterized by high atmospheric durability, adhesive strength,

long-term protective effect.
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PROPOSAL FOR INCLUDIRG
an
UPDATED.DESIGN METHOD FOR BEARING STRESSES
in

CIB W18 ~ STRUCTURAL TIMBER DESIGN CODE

The present method of dealing with bearing stresses in CIB W18 - Structural
Timber Design Code is not logical because it neglects the geometry of the
member involved in the design, Furthermore the strength values in compres-
sion perpendicular to the grain are based upon a test method containing
stress concentrations at the end of the bearing plate. The apparent bearing
stress may therefore not be correctly reflected for other geometries than
that used in the particular test.

The development of & more rational method is presented in the appended paper.

The recommended design method is described in the following and a graphical
illustration of its use is also enclosed,

An approximate method for estimating the deformations associated with the
bearing stresses is contained in the proposal.



PROPCSED LIMIT STATES DESIGN METHOD

If the bearing plate covers the full length of the member then the plate
length & is given by:

§ = Py/oyb

If the plate does not cover the full length so that there are end distances
L, and L,, the length & may be reduced by L,/4 (but not more than D/4). This
reduced length, 2., shall not be less than /4.

The deformation, , of the plate with respect to the other side of the
member at factored leoads will be

L

El b2, +2.)

where:
2 = L,/2 (but not more than D/2) plus

L,/2 (but not more than D/2).

The deformation at service load P will be

- PD
El b8, +2.)
In the above

Py = factored load
P = gervice load
Oy = yield stress at 0,.2% strain from tests with 100% cf the area

loaded
Ey = modulus of elasticity from tests with 100% of area loaded
b = breadth

D = depth



DESIGN METHOD FOR BEARING

CASE 1 NO OVERHANGING ENDS
i
£
Py
iora r re ,53'5_';—5-
I
CASE 2 : L, and L, both < D/4
L Py
—
RTINS )
¥ 7 s ¢£r - /£ 4 4 > 3
D
CASE 3 ; L,>D/4 and L,<D/4
R
| L, >D/4 WA
- v
- [agreesree s #7 f ) _ “Q__ _l.:_a_ _“,é
lj» AR
L
_Ab
CASE 4 : L, and L, bigger than D/4
Ny Ly>D/4 ;£r| lLo>D/4 |
I ; ! | D D . £
e ,e = Z—----...)......_
o7 | % r 4 43
i
DEFORMATION AyFOR FACTORED LOADS
Dy = Y +0.002D
E b (£ +£;)
where

1]
H

L [
> (<Dbr2) + 5 (<D/2)

DEFORMATION A AT SERVICE LOADS

P D
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A design method for bearing stresses in wood
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The paper points out that the present method used to design bearing plates for waod subjected to stresses perpendicular to
the grain is inadequate because it neglects the effect of the specific geometry. A design method that more correctly reflects
the actual conditions is presented together with test data that represent the material properties in a more realistic way.

The design method is discussed and compared with limit states design and design examples are presented. The method

includes a conservative estimate of the deflections.

Can. 1. Civ. Eng.. 9, 338-349 (3082}

Introduction

Wood is a complicated anisotropic material ex-
hibiting many different modes of failure, Design pro-
cedures for jumber or timber must take this fact into
consideration. The failure mode for wood subjected 1o
compression perpendicular to the grain is very different
from the failure mode in either tensicn or compression
parallel to the grain. As a very simplified model of the
structure of clear wood. one can visualize the individual
cells as drinking straws and the piece of wood as a
bundie of these straws held together by a weak rubber
glue representing the lignin in which the cells are em-
bedded. as shown in Fig. 1. The cells, or siraws, are
very strong in their lengthwise direction. When subject-
ed to tension. failure often takes place by tearing of the
cell walls in a brittle fracture mode, When the matertal
is subjected to compression parallel to the grain the cells
act as hollow columns with some lateral support provid-
ed from cell to cell. The failure mode is more ductile
and often caused by local buckling failure of the cells,
which is manifested by the typical compression wrin-
kies. Tension forces occurring perpendicularly to the
grain will have to be transmitted through the lignin (or
rubber glue in the model) and. as mentioned. the lignin
does not have much structural strength, This strength is
about two orders of magnitude weaker than the tension
strength parallel to the grain. Cempression forces per-
pendicular to the grain are transmitted through the thin
cylinder walls. which act as arches. so that the failure
mode can be visualized as a stability failure in the cell
walls, as indicated in Fig. 2.

The above applies to clear wood. For timber or jum-
ber. where knots and other growth characteristics
occur. the failure mechanism is much more compii-
cated. However, for compression perpendicular to the

grain. the above model is nevertheiess representative of

"Present address: Swan Wooster Engineering Co.. Van-
couver. B.C.. Canadu.

Tubular cells embedded in lignin

Madel of clear wood structure.

FiG. 1.

/Fuliure zone

BEFORE LOADING AFTER LOADING

FiG. 2. Failure mode in compression perpendicular to
grain.

the weakest material since grain distortions and kiots
tend to prevent the buckling of the cell wails.

Applications

When timber or lumber is used for structural mem-
bers. compression forces perpendicular to the grain of-
ten occur. Figure 3 shows some examples of loading
conditions where the compression stresses perpendic-
ular to the grain should be checked. [n most cases the
designer will find that the stresses are lower than the
allowable stresses and no further considerations have ta
be given to them. However, the cost of connections can
be governed by the compression perpendicular to the
grain and it thus becomes important. Compression per-
pendicular to the grain has also taken on added im-
portance in the design of prefabricated trusses. The
loads can be quite high and it is semetimes necessary to
provide increased bearing areas by using steel plates

0315-1468/82/020338-12501.00/0
©1982 National Research Council of Canada/Conseil national de recherches du Canada
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CONNECTION

TRUSSES

FiG. 3. Examples of bearing.

where the truss rests on walls. It has, therefore, become
important to have a realistic design method for com-
pression ioadings perpendicular to the grain.

Present design method

The present design method as laid cut in CSA 086
{Canadian Standards Association 1980) simply consists
of making sure that the stress on the bearing area does
not exceed the allowable stress set out in the code for
the appropriate species groups. Thus the designer has to
ascertain that:

P
E B0

where P = working load, b = width of the bearing area,
[ = length of the bearing area, and o, = allowable
bearing stress (C, in the Canadian Standard).

Typical values of «, , are given in Table | for dry
and wet service conditions; the values for wet condi-
tions are two thirds of those for dry conditions.

It is assumed that o, is influenced by the duration of
load in the same manner as. for instance. bending, and
the allowable stress o 4 can be increased by 15% for
snow Joads (2 months) and 33% for wind loads.

In addition to the above modification, the code al-
fows for increases in @, if the bearing length is less
than 150 mm. To quote Clause 3.3.2.5 of CSA 086:

When lengths of bearing or diameters of washers are
less than {50 mm and no part of the bearing area is closer
to the end of the member than 75 mm. the allowabic
bearing stress may be multiplied by the appropriate mod-
Hication factor as set forth in Table 4 provided that such

bearing arcas do not occur in positions of high flexural
stress.

TaBLE 1. o, . (MPa) by CSA 086

Dry Wet
Lumber
Bouglas fir-larch 307 2,12
Hemiock - fir 1.61 1.08
Hemlock —tamarack 2.78 1.86
Coast species 1.6] 1.08
Spruce—pine—fir 1.67 .12
Western cedar 1.92 1.29
Northern species 1.61 1.08
Northern aspen 1.23 0.82
Giulam
Douglas fir~larch 317 L2110
Hemlock~fir 2.86 1.90
Lodgepole pine or spruce 2.86 1.90
P P
Sleet plale
Y k]

T S T e e

E AR condition

- A

ot

g A 22N \] A o
f[/ 152 mm /K 5t mm

Tesling bad

FiG. 4. ASTM D143 test specimen.

Table 4 of CSA 086, Clause 3.3.2.5.
Modification factors for various lengths of bearing

Length of bearing (mm) Modification factor

25.0 1.40
50.0 1.20
75.0 113
160.0 110
150.0 or more .00

Substantial increases {up to 40%) in the allowzble
stresses can thus be permitted. However, it is relatively
rare that the bearing plate is removed by 75 mm from
the end of the beam so the increases are. in fact. very
limited in their application. This increase was intended
primarily for washers, where the stress can be very high
indeed,

It should be noted that the code does not provide
guidance on the permitied deformations or how they are
to be calculated. This is left to the designer to judge.

The test used to obtain information on the matenial
property o,  is described in the Annual book of ASTM
Standards { American Society for Testing and Materials
1976).

The specimen used is a block 5] mm X 5] mm X
152 mm long, as shown in Fig. 4. The load is applied
through a rigid steel plate 51 X 51 mm on the surface
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that is radial to the annual rings. Thus only one third of
the 152 mm long surface is loaded. A load-deforma-
tion curve is obtained from the test at a rate of loading
of 0.3 mm/min.

The proportional limit is read from the curve and the
average value from several tests is used as a base for the
allowable stress for a particular species. The specimens
are tested in the green condition and the test results
multiplied by 1.5 to convert to dry values. This number
is then divided by a factor of 1.5 to aliow for duration
of load and safety factor {o obtain the allowable stress
4 .p fOr dry material.

The American Society for Testing and Materials
(ASTM) method described is also used as the base for
the Canadian Code. CSA 086. In essence, then, the
average green strength at the proportional limit is used
as the dry o, ; or, expressed differently, the difference
in strength between the wet and dry material is the
allowance for duration of load, accidental overload, and
variation in material properties.

Comments on present design method

Canadian Standard CSA 086 allows an increase in
bearing stress only if the plate is less than 150 mm long
and the end distance is greater than 75 mm. It appears
logical to the authors that some end distance is neces-
sary before allowing an increase. It is not logical, how-
ever that if a 75 mm end distance is sufficient on, say,
a 75 mm deep beam it is also sufficient on a [500 mm
deep beam. As well, an increase may be in order for a
100 mm long plate on a 1500 mm deep beam, but is the
same increase in order for a 100 mm long plate on a
40 mm deep beam? It is common in stress analysis for
such increases to be functions of dimensionless ratios
instead of numerical values.

The material property obtained from the ASTM test
is undoubtedly correct for a beam with its middle third
loaded over a length equal to its depth. However, the
behaviour of the specimen would be quite different if
loaded over 100% of its length from that if loaded over
10% of the length. This test is of use in determining the
relative behavior of various species but is of little use in
designs with different geometries.

In summary, the design and test systerns must inter-
act so as to reflect the shape or geometry of the
component under analysis. Because of this, a research
program was undertaken at the University of British
Columbia to investigate the response of various geome-
tries to compression perpendicular to the grain.

Research on effect of geometry

The simplest shape to deal with is the block § X D X
b of Fig. 5a symmetrically loaded by a force P on a
rigid bearing plate covering 100% of the area ! X b. If

LA pibe

PlA f ok
AL LU
———
———
ECrieern § L‘b"“ 0.002 €
{o} (b)

L,— ! O,
- . PR
f_-g_n_.. p Lr——--i
e e L) s M
|
R R A T e e P T, T ""Jt"'
- L |

FiG. 6. Central beam test.

the plate is stiff enough then all portions of the wood
have the same stress (o, = P/bl) and strain (e, = A/D)
perpendicular to grain. It is assumed here that D/b is
smail encugh that lateral buckling will not occur. The
stress—strain plot for this biock (Fig. 5b) shows a linear
portion at the start that defines £, and a gradual yield-
ing to indicate a ductile, not brittle, behavior. The yield
stress o, is defined on this plot as the stress at a 0.2%
offset strain. Test results on this block, which establish
the basic material properties £, and o, needed for de-
sign, are presented later in this paper.

The question of the behavior of more complex geom-
etries was investigated by Hall (1980). The central
beam test of Fig. 6 shows one of these geometries; a
beam of length L is leaded through a rigid plate of
length { and width &. It is assumed that the beam rests
on a rigid base. In this case stress and strain vary con-
tinuously over the beam with a large stress riser at the
end of the plate where it bites into the wood.

Finite element analyses in the elastic range for vari-
ous values of I/L and //D showed the following.

(1) For long beams there was a definite length L,
from the edge of the plate beyond which stress and
strain were essentially zero.

(2) The length Ly, called the decay length, was ap-
proximately 1.50.

(3) As L decreased from ! + 2Lp to: ! there was
a gradual transition to the basic compression test of
Fig. 5.

(4) The stress was fairly uniform across the central
portion of the plate but approached infinity near the
sharp corner, as shown in Fig. 7. A rounded corner
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Fig. 7. Distribution of o, under plate,

would remove this singularity but still Jeave a large
stress near the edge.

An inspection of Fig. 6 shows that the top deformed
fibres of the beam have relatively large double curva-
wre and. therefore, carry moment and shear. It is this
action that spreads the toad lateraily. Such a system ¢an
pe modelled as a beam on elastic foundations where the
foundation modulus is k = F, b/D and the Ef of the
beam is E, bd‘/12. A beam depth ¢ = 0.17D was
found to duplicate finite element results to within 5%.
The decay length {Hetenyi 1946) for the beam of Fig. 8
is given by,

1 Lo

It is shown later in this paper that £;,/E, is approxi-
mately 50: the decay length therefore hecomes 1.6D
which confirms observations from the finite element
caleulations. Since the shaded area under the deflected
shape of Fig. 8 is &Lp/3. the end shear of the beam: will
be kALp/3 or. by substitution. 0.53¢,bD. Vertical
equilibrium of the plate then gives.

P
') I e 8 e
@2l o= 5T 06D)
if the end distance L. is greater than 1.6D.
I_f the end distance is less than 1.6D. then curve-
fitting to the finite element resuits gives.

] o, = P
b+ 0.84NDL)

With o, known from [2] or {3] the deflection of the
plate becomes

i

3GEIK Y = 0.6DIE/ED"

g.D

Equations [2] and [3] show that the load is spread
over a length greater than /. The concentrated end
shears V of the elastic foundation model correspond to
the stress risers-at the ends of the plate in the continuous
model. Since these local stress risers cause yielding of
Fhe wood at loads well below the proportional limit. it
is suggested that they be ignored in design and that o,

Blp/ 31 shaded oreo
V1 | 1\"05301130
[E——————
1(let

EiG. 8. Beam on elastic foundation.

be calculated from [2] or [3]. Such a procedure is ac-
ceptable with a ductile material such as wood loaded
perpendicular to the grain.

The ASTM specimen hasan //D = 1. L/D = 3. and
L. = D. Equation [3] will show o, = 0.54 P/(bl} to
give A = 0.54 PD/(bIE,). 1f this factor (.54 is not
taken into account when calculating E . from the ASTM
test. the value will be too large by a factor of 1.85.
Instead of £, = E,;/20 a more reasonable value should
be E,,/37. Tests presented later herein show that £, =
E,,/50. a long way from E./20.

The beam on an elastic foundation will have its max-
imum bending stress at the edge of the plate. Since
integration shows that the center of gravity of the
shaded area of Fig. 8 1s Lp/6 from the edge of the plate.
the maximum moment M becomes

LD x
[5] M = (0.530.86D) 7 0.140.6D

and the maximum bending stress becomes

(6] o = 6M/bd* = 300,

Now. a plate designed by CSA 086 forae, = P/bl
of 3.1 MPa would have a real a.. according to the
theory presented here, of approximateiy 2.1 MPa and a
flexural stress of 30 x 2.1 or 63 MPa at the edge of the
plate. It was not possible 10 check this large stress by
finite element anatysis due 10 the stress riser at the edge
of the plate and it is undoubtedly pushing the clastic
foundation model too far to predict such a stress with
accuracy. It does, however. show that a large com-
pressive stress parailel to the grain exists at the edge of
the plate, and this may be the reason why CSA 086 does
not allow any increase in bearing stress in regions of
high bending stress. The authors would like to point
out. however. that most tests for establishing an allow-
able bending stress are carried out with point loads on
the compressive edge of the beam. Although these point
Joads induce a large additional stress oy at the end of
the bearing plates. this effect is automaticatly consid-
ered when cstablishing allowable bending stresscs. in
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FiG. 9. Inelastic analysis (//D = 0.5, L/D = 5.0, L./D =
2.25).

addition, most test beams fail in the tension region that
is not loaded by bearing plates. In summary, then, it is
suggested that increases in o, be allowed in regions of
high bending compressive, but not tensile, stress.

The elastic model just presented duplicates numerical
and test results and gives a good insight into the behav-
jor of the system. It was extended (Hall 1980) to other
geometries but the results wili not be given here because
the authors feel that the practical solution lies with an
inelastic analysis, especially when limit states design is
used.

Inetastic analyses were obtained by altering the finite
element program to follow the o, versus e, curve of
Fig. 5b in piecewise linear steps for each element. The
T VETSUS € curve was assumed to be elastic - perfectly
plastic with £,, = 12 400 MPa and yielding at 55 MPa.
The shear stress—strain curve was also elasto-perfectly
plastic with G = 690 MPa and yielding at 9.7 MPa.
Figure 9 shows the results of such an analysis for {/D
= 0.5 and L/D = 5.0. The ordinate of Fig. 9 is the
average applied stress, P/(5{), under the plate divided
by oy, the yield stress of the material, and the abscissa
1s the average strain A/D. The yield load P, is defined
as the load required to cause an offset strain of 0.2%,
as for the basic compression test. It is important to note
that the systern begins to yield at an apparent yield
stress P, /(bl) of 1.90, for this geometry because some
of the load is spread laterally by beam action of the top
fibres.

The siope of the straight portion of Fig. 9 will be
more than £, /o,, again because of lateral load transfer.
Deflections in this linear region will be given by [4]
with o, from [2] or [3]. The deflection A, at yield will
be the elastic deflection evaluated at P, plus 0.002D or:

[7] A, =o,D/E, + 0.002D

where

P,
(&) o =iy L > 1.6D
9] o = r L. < 1.6D

bl + 0.84VDL,)'
Figure 10 shows the results of numerous inelastic

P!/bl
oy
2.0
§TM Specimen
1.5 0.0
0.4
FO - 0.8
‘P
“'ir_f_qf‘“
_!-
1
1 L T{ b -
0 0.5 1.0 1.% 2.0
£
[n]

Fic. 10, Inelastic results.

finite element runs for various values of //D and D/L.
Yielding occurs in all cases at a mean stress under the
plate that is greater than (or equal to) the yield stress of
the material. The increases shown in Fig. 10 are based
upon a rational approach and should repiace the timited
increase allowed in the present Code (CSA 086 for
compression perpendicular to the grain.

The ASTM test biock (/D = 1, D/L = 1/3) is
plotted in Fig. 0 to show that yielding occurs at
1.55¢,. In other words, if the ASTM test gives an
apparént yield stress, P./(60), of 3.1 MPa the real yield
stress for the material will be only 3.1/.55 = 2.0
MPa. Tests {Hall [980) covering the inelastic range
confirm the curves of Fig. 10. L

The curves shown in Fig. 10 could be used for iimit

- states design but they need to be converted to simple

formulas by curve-fitting. The elastic foundation moedel
provides an insight into the behavior at yield, if it is
assumed that a hinge develops in the beam of depth d
at the edge of the plate at P = P,. The high bending
stresses found at these points using an elastic analysis
confirm this assumption. With a hinge the shaded area
of Fig. 8 is halved, to ALp/6. showing that less load is
transferred from under the plate. Vertical equilibrium of
the plate then gives;

P,

= ee—— - [ -
[10] o = 3750530 L.>1.6D
or
1 = Py - L.< 16D
Ui o= von,, o h

Although these expressions fit the aumerical results
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fairly well, and indicate the behavior at yield, actual
curve fitting of the symmetricai case and of geometries
with unequal end distances gives the simple overall
rules presented in the next section.

Proposed limit states design method

If the bearing plate covers the full length of the mem-
ber then the plate length / is given by

[12] 7 =~r/ob

If the plate does not cover the fuil length so that there
are end distances L, and L, the length / may be reduced
by L,/4 (but not more thar D/4) plus L,/4 (but not
more than D/4). This reduced length, /,, shall not be
less than //3.

The deflection A, of the piate with respect to the other
side of the member at factored loads will be.

_PD
(131 A, +0.002D

- Eib(!r + [L}
where /. = £,/2 {(but not more than D/2) plus L,/2 (but
not more than D/2).

The deflection at service load P will be,

FD

(14] A= RN

In the above P, = factored load, P = unfactored load.
o, = yield stress at 0.2% offset strain from a test with
100% of the area loaded, and £, = modulus from a test
with 100% of the area loaded.

The restriction that /. not be less than /3 not only
eliminates negative plate lengths but alse limits the
apparent stress to 3a,. Although CSA 086 timits a stress
increase to 1.4, this is on top of a stress based on the
ASTM specimen. Since this specimen shows a stress
increase of 1.35 to start with, the total is 1.55 X 1.4 or
2.17. This increase was arbitrarily changed to 3.0 be-
cause the proposal herein is more rational.

Research on material properties

It was beyond the scope of the previousiy mentioned
thesis (Hall 1980} to obtain values of ¢, and E, for
design purposes. but without these the method cannot,
of course, be implemented. Estimates of o, could be
obtained by back-figuring the deflection curves from
the ASTM test data but it was thought more appropriate
to collect new data using a specimen of a greater height
to improve the accuracy in the deformation measure-
ments.

A testing program was therefore undertaken to estab-
lish values for three groups of wood. Douglas fir-
larch, hemlock-fir, and spruce-pine~fir. Two hun-
dred specimens from each species group were tested.
Half of these were tested in the dry condition. the other
half in the wet condition. The specimens were from

~ ol w B
) =) L] o)
H T T 1

LOAD kN
n
o
T

o 1 1 ! ] J
] 2 4 6 8 0

CEFLECTION, mm

Fig. 11. Typical load-deflection curves (spruce-pine—
fir}.

commercially graded boards but were, in general, free
from defects. The size was 38 X 90 X 145 mm. A rigid
plate 38 X 145 mm covered 100% of the loaded area.
The rate of loading was 4 mm/min. A lead-deforma-
tion curve was obtained for each specimen.

The specimens were weighed and moisture meter
readings and dimensions were recorded for each. The
grain orientation was noled as well as the presence of
any visual defects. The material to be tested in the wet
condition was placed in a moisture reem (o absorb
moisture and weighed just before testing: the moisture
content was determined by the change in weight,

The spread in the data was found to be large. To find
out if this was caused by the fact that two or more
species were contained in the species groups. species
identification was carried out. The hemlock—fir group
was split into hemlock and Amabalis fir by microscopic
observation; a chemical method was used for the
spruce—pine~fir " group to identify the individual
species.

Test results

The data collected resulted in a large data bank which
was analyzed. grouped both by commercial species as
well as by individual species. In addition the informa-
tion was broken down into wet and dry material proper-
ties. Several graphs were prepared for each subgroup
but they are too numerous to be inciuded in this paper
and are possibly only of interest {¢ a few readers. Al
graphs are assembled in a separate volume and avail-
able from the authors upon request. The Appendix
gives a list of the contents.

{a} Load-deformation curves

As mentioned, a foad—deformation curve was ob-
tained from each specimen. The load at 17 preselected
deformations was read from the curves (Fig. 11)and the
stresses at different strains were calcuiated. From this.
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a composite stress—strain curve was construcied, as
shown in Fig. 12. that depicts the spruce - pine~fir spe-
cies group. The mean value is shown, together with
lines for other percentiles, which gives an impression of
the spread in the data (the lines do not represent the
stress—strain curve for the individual specimens but
represent the behaviour of the species group}.

(b) Strength and stiffness

The stess o, at the 0.2% offset strain was determined
from the individual stress—strain curves: Fig. [3 shows
the distributions in the form of stress vs. normalized
rank for the commercial species groups in the dry con-
ditton and the results for the wet condition are shown in
Fig. 14,

The mean values and the standard deviations are
given in Table 2 for the many subgroups. together with
the estimate of the Sth percentile value. Table 2a
shows values for the dry condition, Table 25 for the wet
condition.

The modulus of elasticity is treated in the same way
and the resuits are shown in Table 2: Fig. 15 shows
them in graphical form.

(¢} Density

Scattergrams were prepared of stress vs. density and
Fig. 16 shows the results for the spruce-pine~fir
group.
(d) Others

As mentioned. the presence and kind of knots was
recorded. The average value for the stress o, and the
average moduius of elasticity is shown in Table 3 for
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FiG. 16. Scattergram of o, versus density,

the three commercial species groups.

The ring orientation was classified into one of six
groups as shown in Table 4 and Fig. 17 where average
values of o, and the modulus of elasticity are presented.

Discussion of resuits

The differences between the load defiection curves
were found to be very great indeed. This applies not
only to all the species groups but also 1o the individuat
species. However, it is characteristic of all of them that
they exhibit some ductility and that no definite breaking
point exists,

Table 2a contains the information on dry material,
Differences between the species groups are evident in
all the properties listed. Douglas fir is the strongest
species group followed by the spruce -pine—fir group

(SPF) with the hemlock-fir group being the weakest.
Hemlock is substantially stronger than Amabilis fir and
pine is stronger than spruce. The ratio of 5th percentiles
to average strength also varies between the species
groups. Correlation between density and strength does
not seem (o be very strong,

Table 2b shows statistics for wel material, Here it can
be seen that compression perpendicular to the grain is a
property very sensilive to moisture conatent, The wet
strength is less than one half of the dry strength. It
would also seem that the influence of moisture content
depends on the species group, the SPF group being
more sensitive to moisture than the other species
groups. The observed loss in strength due to change in
moisture content is much larger than that presendly
recognized by North American codes (0.67). The
research presented here is unfertunately not sufficient
to establish at what moisture content the change
in strength takes place. More work in that area is
desirable,

Tabie 3 shows that the inclusion of knots increases
strength and Table 4 indicates that ring orientation does
not affect strength or stiffness in a consistent manner.

Design criteria

The establishment of the design criteria for com-
pression perpendicular to the grain deoes require some
careful consideration. The serviceability limit state is
not hard to visualize. It could be determined by defor-
mations that would cause annoyance in line with the
usual serviceability concept. However, the ultimate
limit state is more difficult to define since loss of
strength or collapse is not involved. The suggested
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TABLE 3. Properties of woods of different knot classes*®

Dry Wet
1 2 3 | 2 3
Douglas fir o, (MPa) 433 471 4.8l 208 225 237
Mean £, (MPa) 272 288 322 180 199 228
Nt 46 35 6 52 31 7
Hemlock-fir &, {MPa) 320 359 439 1.56 199  1.46
Mean £, (MPa) 191 233 301 o8 137 87
NT 80 28 2 78 13 4
Spruce~-pine—fir o, (MPa}  3.56 370 3.75 142 1.3%  1.59
Mean E, 24! 246 275 87 88 119
Nt 44 34 13 72 20 6
*Knot class: b = clear: 2 = wide face knoti 3 = spike krol.
TN = number of tests.
TABLE 4. Effect of ring orientation
Dry* Wet*
] 2 3 4 5 6 1 2 3 4 5 6
Douglas fir, mean o, (MPa) 54 47 43 45 50 51 27 24 20 20 29 23
N 3 9 46 17 8 4 2 13 30 27 7 11
Hemlock—fir, mean o, (MPa) 38 35 29 30 54 54 1.8 1.8 1.4 1.4 22 2.3
N 13 19 52 17 7 2 14 i9 38 16 7 1
Spruce—pine—fir, mean o, (MPa) 33 38 35 44 49 40 14 13 13 1.4 2.0 1.7
33 23 15 3 1 16 12 30 21 15 1 19
Dry* Wet*
1 2 3 4 5 6 ] 2 3 4 5 6
Douglas fir, mean £ (MPa) 265 279 240 307 466 310 230 184 170 174 337 195
N 3 9 46 17 8 4 2 13 30 27 7 13
Hemlock —fir, mean £ (MPa} 235 204 148 186 545 401 110 122 78 & 200 198
N [3 19 52 17 7 2 14 19 38 16 7 1
Spruce—pine—fir, mean £ (MPa) 219 245 211 375 464 309 86 7% 77 82 194 130
N 33 23 15 3 | 16 12 30 21 15 ]

19

* The numbers 1-6 refer to ring type (see Fig. 17}

Y N &

S =
N SEE
?IYNPet j 2 3 4 5 6

FiG. 17. Ring types.

0.2% offset value for a strength criterion represents an
arbitrary point where the strains become Jarger for a
given Joad increment, but it does not represent failure as
such. In some way the strength criterion therefore be-
comes more akin 1o a serviceability limit state. Since
the failure mode and the consequence of failure is dif-
ferent for compression perpendicular to the grain from,

for instance, bending. special consideration has to be
given to this property. Should factored toads be used?
Should the preperty be characterized by the mean value
or shouid a near-minimum value be used? It is common
to use unfactored loads in conjunction with average
properties (£, for deflection). whereas for ultimate
limit states a 5th percentile value is used in conjunction
with factored loads.

Since the compression perpendicular to the grain is a
hybrid case. the Committee on CSA 086 could consider
use of the follewing options:

(@) 5th percentiles with factored loads:

(b} 5th percentiles with unfactored loads:

{¢) average values with factored loads; or

(d) average values with unfactored loads.
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TABLE 5. Material propertics for design examples

R o, = dR E. Lumber Glulam

{MPa) (MPa) (MPy)  C. (MPay* C, (MPa)*
Douglas fir 4.52 34 283 3.17 3
Hemiock - fir 3.32 2.5 204 1.61 2.86
Spruce-pine ~fir 3.66 2.75 248 1.67 2.86

*From Canadian Slandards Association {9803,

Option (@) would be ultra-conservative and option
{e/) would be too liberal. Thus options () and (¢) are the
most realistic ones. The ratio of 5th percentile to mean
value ranges from 0.52 t0 0.72 for the dry condition. A
Joad factor of 1.25 is used for dead loads and 1.5 is used
for live loads. The practical range for dead loads on
timber structures is 0.35-0.7 kN/m? whereas most live
loads lie in the range of 1.8~4.8 kN/m” (1 kN/m’ =
1 kPa). Thus the ratio of unfactored joads to factored
loads lies in the range of 0.67--0.75.

The designer would have calculated the reactions or
bearing forces using factored loads, so from his point of
view it would probably be more convenient to provide
stresses 10 be used with factored loads rather than with
urfactored loads.

Option (b} is slightly more conservative than option
(¢) and the Code Committee would have to decide what
policy is 1o be followed. For calculation of the example
to follow. option {¢) was chosen.

The selection of an appropriate value of the per-
formance factor ¢ is also subject to some judgement in
this case. As mentioned, the variability of both o, and
E. is large and for that reason ¢ should be low
(0.7~0.8). However, it is not possible to perform z
rigorous calfibration to existing practice since the basis
for previcus designs neglected the impertant influence
of geometry. To the knowledge of the authors. com-
pression perpendicular to the grain has not caused struc-
tural failures in the sense of collapse. but it js known
that serviceability failures, caused by neglect of bearing
stresses during design. have occurred. The selection of
a value for ¢ will thus have to be a Commitiee decision.
For the purpose of the following design examples. a
value of ¢ = 0.75 was chosen,

It should be pointed out that information about the
effect of the duration of load is not available. Experi-
mental work may be difficult to conduct since rupture
failure is not involved. but it would nevertheless be
useful to have good information on creep.

Design examples

The proposed design method is illustrated by two
examples. one of support at the end of a truss. the other
of interior support of a glutam beam. It is assumed that
dry service conditions prevail. The design is dene for
each of the three species groups and compared with the

present CSA 086 design method. The material proper-
ties used are given in Table 5.

The truss with a 20 m span and a 38 X 140 mm
lumber bottom chord is loaded with a 0.3 kN/m dead
and a 0.7 kN/m snow load. The end reaction is then
given by

[15] P,=(1.25x03+1.5%x0.7)10 = 14.5kN
[16] P=(0.3+0.7)10 = 10.0 kN

Table 6 shows calculations, bearing plate lengths. and
deflections.

The 130 X 760 mm continuous glulam beam exam-
ple considers an interior column with 24 kN dead and
96 kN snow loads to give

[17] P, = 1.25(24) + 1.5(96) = 174 kN
[18]

Table 7 shows calculations. bearing plate lengths. and
deflections.

P =124+ 9 = 20 kN

Discussion and conclusions

This paper deals specifically with the case of wood
subject to compression perpendicular to the grain in
conjunction with a rigid steel plate. A reasonable model
to describe the behavior of such a system is for the
longitudinal fibres next to the plate to act as a beam on
an elastic foundation. This beam. with a depth approx-
imately 17% of the full depth of the member. serves 10
spread the lead away from the plate if there is sufficient
end distance. Thus. the deeper the main beam, the
deeper the beam on the elastic foundation and the more
load is spread away from the plate. From the above. it
is concluded that:

(1] the present ASTM methed of establishing proper-
ties perpendicular to the grain applies only to that spe-
cific geometry:

{2) basic properties should be established from test
specimens with 100% of their area loaded:

{3) load carrying capacity is greatly influenced by
geometry and this must be considered in any design
system:

{4} present CSA Q86 specifications thar use numer-
ical limits on lengths are not sound and should be re-
placed by dimensionless ratios: and
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TABLE 6. Truss design example

Douglas fir

Hemlock —fir

Spruce - pine-fir
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=P bo 14 250 14 250 14 250
P 38¢3.40) 38(2.50) 38(2.75)
f{mm) 110 150 136
Reduction = D/4% (mm) 35 35 35
=1~ D/4 imm) 75 115 [0t
_ 10 000 10 000 10 000
HCSA) = PfeC, 38(3.17 38(1.61) 38(1.67)
{(CSA) (mm) 83 163 158
I+ L7 (mm) 145 185 174
A = PD 10 000 (140} 10 600 (140 10 000 (140)
E. b, + 1) 283(38) 145 204 (383 185 284 (38) 17
A (service) (mm) 0.90 0.98 0.87
o= DLy = 0.
o= D/f2.
TasLe 7. Giulam beam example
Douglas fir Hemlock—fir ~ Spruce—pine-fir
- 174 00 174 Q00 174 000
I= Pfbo, 13003 4) 130(2.5) 300295
{ {mm) 394 335 487
Reduction = P/4 + D/4 (mm) 380 380 380
{* (mm) 131 178 162
_ 120 000 £20 Q00 120 000
1CSA)Y = P/bC. 300377 130 (2.86) 130 (2.86)
H(CSA)Y (mm) 291 323 323
fo+ L tmm 891 938 922
A= P 120 000 1760) 120 GO0 (760) 120 000760}
E bl + 1) 283 (1301891 2041301938 8130922
A (service) (mm} 2.8 3.7 3.1

1 > 1/3 governs.

(5) numerous test results presented here can form the
basis for choosing more realistic material properties,
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Dy material diagrams
Composite stress--strain relationship
0.2% offset stress vs. rank
Modulus of elasticity vs. rank
Scattergram of 0.2% offset stress vs. density
Density vs. rank
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Wer material diaggrams
Composite stress—strain relationship
0.2% offset stress vs. rank
Maodulus of elasticity vs. rank
Scattergram of 0.2% offset stress vs. density
Density vs. rank
0.2% offset stress vs. moisture content
Modulus of elasticity vs, moisture content
For: Douglas fir. hemlock—{ir, Amabilis fir, spruce~
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PREFACE

The main purpose of this paper 1s to make specific recommendations for
the dinclusion of size effects as they apply to the primray strength
properties for commercial timber (Tension, Bending and Compression) into the
CIB W18 Timber Design Code. A secondary purpose is to comment on the
proposal and provide references where additional information on this topic

can be found.

BENDING

1. The characteristic bending strength has to be converted to reflect a
specific size (depth, breadth and length) and a specified load
configuration.

Suggestion:
That the bending strength to be quoted be that of a 38x184 mm cross
section and that the length be for a 3.00 m long pieces subjected

to two concentrated loads applied in the third points.

2, The general design requirement is that:
Factored Action ¢ Factored Resistance
(In the following the terminology from the Canadian code has been used
to present the general idea; it can easily be converted to the format

adopted in the Eurocode or the CIB Wi8 code.)



(1.25 DL + 1.5 LL)

DL =

LL =

into

In detail the design formula becomes:

g B1 g B2 p &
0 To Zo
momEnT < O RS (T (G G Ko Ky Ky Ky Ky K

Dead lcad b = Breadth of Beam

Live load KLC = Load configuration factor
Resistance factor KD = Duration of Load factor
Characteristic strength = Treatment factor

Section Modulus K, = Systems factor

Length of Span KL = Lateral stability factor
Depth of Beam KSb = Moisture content factor

subscripts indicate the chosen standard size for reporting the strength

This complicated design formula can be greatly simplified by dividing it

two steps. Step 1 is the establishment of a design stress applicable to

the specific design at hand using the known information pertaining to the

beam,

Step 2 is the establishment of a suitable cross section fulfilling the

design requirements. We get:

Step 1 Step 2

T e gt

g 81y 8 a &
_° !

o 1
0 G Ko K Kp Ky K Koo o gbd?(E)

e —

< Ro (

size effect ordinary
adjustments adjustments



b
The ratio EE can, based upon test, be set to unity and therefore
neglected.
p 81

(39) and K. can be combined into a single factor and a table produced
which will cover most design cases. A suggested set of values for K ¢
is shown in Table 1 where the size effect parameter g, has been chosen

as 0.25.
The ordinary adjustment factors are the same as found in the usual

tables.

We can now define and calculate RD as:

Ry = R, Ko (Kp Kp Ky K Kgp)
The design eguation can then be written as:

a &

1 0
(1.25 DL + 1.5 LL)MOMENT {0c RD 3 bds (d )

with dO = 184 mm and g, = 0.25 we find:

<o RD 1840'25 % bdl.75

"

S !



By defining a modified section modulus as 8' = 0.6 bdl'75, it is

possible to get back to the familiar design equation:

(1.25 DL + 1.5 LL)MOMENT <o RD S'

where

RD RO KLC (KD KT KH KL KSb)

S' = 0.6 bdt '’

]

Tables of 5' can be produced and published together with the ordinary
cross-sectional information.

The length to be used for conversion of the published strength should be
the distance from zerc moment to zero moment. This is illustrated in the

following example:

2850 mm 2150 mm

MOMENT CURVE

VUV UV VU

g,=0.25

3500 mm 1500mm
-1

The positive moment acts over a length of 2850 mm so the length effect is:

0.25

é999) = 1.01

(2150



The negative moment acts over a length of 2150 mm so the length effect is:

3000, %% o
2150 )
However, the shape of the negative portion of the moment curve is not

parabolic, as it is for the positive moment, but akin to the triangular
moment curve caused by a single concentrated force, so the load configuration

of 1.23 should be used., 'The factor K

LC
1,23 x°1.09 = 1.34

then beccomes

which should be used for the negative moment.

TABLE 1: LENGTH AND LOAD CONFIGURATION FACTOR X
U.D.L
o]
L/4 L/ 3 L/2 M M
cewore || N N .
m Za w2 | & T AR|S 2
e N S S L J
1.0 .62 1.37 1.32 1.24 1.08
1.5 46 1,23 1.19 1.12 0.98
2.0 .36 1,15 1.11 1.04 0,91
3.0 .23 1.04 1.00 0.94 C.82
4.0 A4 0.97 0.93 0.87 0.76
5.0 .08 0.92 0.88 0.83 0.72
6.0 .03 0.87 0.84 0.79 0.69
7.0 .00 0.84 0.81 0.76 0.66

g = 0,25




TENSICON MEMBERS

1,

The characteristic tension strength has to be converted to a specific

size and a defined load configuration.

Suggesticn:

The standard becomes a 38x184 mm cross section and a 3000 mm length
with a constant tension force along the length.
Both a length effect and a depth effect exist in tension but those can

be combined into a single factor, KLT’ as shown in Table 2,

The designer can avoid the use of the table by using the basic formula

for KLT

K., = (——~3°°°)O'3 x )0'2
LT 2

In case the tension force varies along the length of the member, a locad

184
d

configuration factor can be applied.

TABLE 2
ADJUSTMENT FACTORS KLT FOR LENGTH AND WIDTH

LENGTH| 38x89 38x140 38x184 38x235 | 38x28%
m
1.0 1.61 1.47 1.39 1.32 1.28
1.5 1.43 1.30 1.23 1.17 1,13
2.0 1.31 1.20 1.13 1,07 1,04
2.5 1,23 1.12 1.06 1.01 0.98
3.0 1.16 1.06 1.000 0.95 0.92
4.0 1.07 0.98 0.92 0,87 0.85
5.0 1.00 0.91 0.86 0.82 0.79
6.0 0.94 0.86 0.81 0.77 0.75
8.0 0.87 0,80 0.75 0.71 0.69
16,0 0.81 0.74 0.70 0,67 0.64
15.0 0.72 0.66 0.62 0.59 0.57
30.0 0.58 0.53 C.50 0.48 0.46
g = 0.2
— ..
c - (2999)0.30 . ¢ 184 )0.20

LT SPAN DEPTH



COMPRESSION MEMBERS

Both a length effect and a depth effect exist in compression (restrained
in both in weak and strong direction) but this size effect can best be
introduced in conjunction with a change to a rational column formula that

fully recognizes that columns often are subject to combined stresses.



SOME QUESTICNS AND ANSWERS ABOUT SIZE EFFECTS

a) Why are there gize effects in Timber?

Size effects exist in any material where the strength varies
throughout the volume cf the structural members and where failure in the
cross section causes failure of the member.

In weod (in the sense of clear "defect-free" wood) imperfections
exist on the microscopic level (weaknesses in the connections between
fibres).

In timber (commercial timber) additional defects exist on the
macroscopic level (knots, splits, etc.). The number of defects
generally decrease with increasing quality [20].

Because of the variation in strength throughout the structural
member, failure stress becomes asscciated with the probability of a weak
spot ending up in a high stressed zone {tension zone),

RBecause the distribution of the defects might be different along
the length, depth and breadth of the member, it is necessary to talk
about length effect, depth effect and breadth effect. In addition to
this, we must also recognize the load configuration effect caused by the
fact that the external forces on the member may stress a greater or

smaller portion of the member [14].

Numbers in square brackets refer to the test of references. Copies of

references can be cobtained from the author upon request.



b)

c)

d)

10

How are size effects quantified?

The size effects can be described by the weakest link theory which,
loosely put, says that the logarithm of strength is linearly related to
the logarithm of length (or depth, or breadth). It is suggested that
the slope of this log-log relationship is to be used as a measure of the
size effect and that it be signified by g. Using g as the measure, the
size effect is increasing with increasing values of g and the two are
almost linear in relationship [18].

A series of convenient formulae have been collected in Appendix A
and a description of their derivation is found in Reference [14].

The effect of the size effect can also be expressed with a size
effect factor, K, ., and it is proposed to be‘used KLC in the code

LC

presentation [18].

How accurate should g be determined?

In the practical range for lumber the factor KLC ig not very
sensitive to value of g. Therefore it will suffice toc determine and

report g as 0.05, 0.10, ..., 0.45, 0.50 [19].

Is g different for the different strength properties?

Unfortunately, vyes! The value of g does vary between tensicn,
compression, and bending. It is necessary to establish the value for g
for each of the three properties separately.

The table below gives values for the length effect and depth effect
for the Spruce, Pine, Fir species group. The values for the length
effect is well established while the depth effect must be considered

tentative because the test were not extensive for that



e)

£)

effect.

width effect is presently being conducted [18].

11

A comprehensive testing programme dealing specifically with

SPECIES GROUP 80.05 STRENGTE REMAINING
S~P-F :
LENGTH DEPTH LENGTH DEPTH
Tension 0.22 0.05 0.85 .96
Compression 0.10 (0.35) 0,93 (G.80)
Bending 0.20 0.23 0.87 0.84

Is g constant throughout the strength distribution?

No, it has been observed that 25,05 and for instance gy.50 €2 be
quite different but for structural purposes we are mostly interested in
£0.05°

This difference is in part caused by different failure modes in the
weaker portion of the distribution than those predominating in the

strong portion of the strength distribution [19,20].

Must the strength testing be done using the standard size selected?

Not necessarily. It is quite acceptable to use the test method
presently used as long as information is available so the test data can
be converted to the standard size chosen for reporting the strength.

The size selected has been chosen because it lies roughly in the
"middle" of the range of sizes and lengths being used in practice. This
was done in order to minimize the necessary adjustments. The loading
with the loads in the third points was chosen because the conditions are

very close to a uniformly distributed load which will then not need an

adjustment,
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It is important that the test specimen is placed in testing machine
in the same manner as the material will be wused in the final
application., Preselecting the worst defect will bias the test results

relative to those for a random placemat which is what normally happens

in practice.
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APPENDIX A

X L, &
Length Effect: i: = (EI)
Depth Eff NN
ept ect: "X—z" (a':)
1+l/g, g,
Stress Distribution Effect: £ =
m C t
= ] = g
Or for C 0.5 fm 2 (1 + l/ga) 3 ft
Xy b, g,
Breadth Effect: E: = <E:)
g, + a/L
Load Configuration: L o= e T,

e g, +1
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In the following is given a proposal of changes of the section on
thin~-flanged beams in CIB Strutural Timber Design Code (CIB Report,
Publication 66, 1983). The background material is given in CIB-paper
“Thin-walled wocd-based flanges in composite beams" by J. Kénig (Berlin
1989,

7.1.2 Thin-flanged heams (stjiffened plates)

Assuming a linear variation of straln over depth the stresses shall satisfy
the conditions given in section 5.1%.

The Influence of non-uniform distribution of stresses over the flange width
due to shear lag and buckling and the influence of flange curling shall be
taken into consideration.

If by ¢ 8hg, the shear stresses may be assumed uniformly distributed
over the width of the section 1-1 shown in fig. 7.1.2.

L Dot . . Det
0.5 bc‘F' 10.5 bc'.f
b
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Unless otherwise proved the member should be considered as a number of
I-beams (taking the load on a width of bg + by) cor U-beams (taking the
load on a width of 0.5 bg + by,) with an effective flange width, bgagf,
see fig. 7.1.2 a, where

bef = bc,ef + bw (or bt,ef + bw) (7.1.2 a)
Qr
bef = 0.5 bc,ef + bw (or O'St,ef + bw) (7.1.2 b)

respectively.



The effective width be of and by of respectively due to the effect of
shear lag 1s given in table 7.1.2. The effective width with respect to
buckling is given by

bef =h for o« € 0,67 {7.1.2 ¢)
Yerit Ocrit

bef = bf ——E——(1 - 0,22 —~E——) for o > 0,67 (7.1.2 4)

e e
where
= ~ -
« c'e/oc:rlt
¢ = axial stress at the web at the mid-plane of the flange under

the assumption that the flange is homogenious.

a = ¢ritical stress.
crit
Yurit should be determined as
2 vr———-—————-
v (EI} _(EI)
g .. =k . X Y
crit crit,0 2

ta
where kkrit,o is given in Figure 7.1.2 b.

(EI)x is the bending stiffness of the panel per unit width in
bending about the ¥-axis. For a homogenecus orthotropic
panel with the main directions x and vy,

1
= e 3 -
(EI)x 75 Et /{1 Vay vyx), where Vay

and v . are Poisson's ratios. For wood-based panels
Vv ¥ O can be assumed.

Xy vX
(EI)y as {EI}X, but in bending about the Y-axis.

(GI)to . is the torsional stiffness per unit width of the panel.

* For a homogeneous orthotropic panel, (GI)tor =
3 » Gt3
Gt3/3 + {vxy(EI)x + vyx(EI)y} Gta/3.

4
2 . . -
3 J (EI}X/(EI)Y. For an isctropic panel, B1 = f/a.

w
—
iH

O.S(GI}tGr/d (EI)X(EI)y. For an isotropic panel,
32 = 2G/E.

H

a, f, t See Figure 7.1.2 b,
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The values of table 7.1.2 and Equations (7.1.2 ¢,d}) may be used for
calculations both in ultimate and serviceability limit state.

Table 7.1.2 Effective width with respect to shear lag

Flange b or b

Plywood with the fibre direction in
extreme plies

parallel to the web .11
perpendicular to the web 0.11
Particle fibre bhoard with random

fibre orientation 0.2 1

1 is the span, however, for continuous beams 1 is the distance
between the points with zero moment

The effect of flange curling must be considered when u » 0,05 (hy + hg)
where

u = maximum deflection of the flange towards
neutral axis of the composite bean,



The calculation of the second moment of area of the composite beam may be
carried out agssuming that the distanse of the flange from the neutral axis

of the composite beam is reduced by 3 U

The maximum deflection of the flange towards the neutral axis of the beam
may be calculated as

y 4
5 O0g tbg

384 Eb(EI)

a

(7.1.2 e)
£ 2

when the flange is assumed to be simply supported at its edges at the webs,
and

1 °f2 t bf4
= (7.1.2 £)
384 T, (51), 2

when clamped edges can he assumed.
The following notations are used in the equations:

of = uniformly distributed axial stress at the midplan
of the flange under the assumption that the flange is

homogenious
Ey, = the medulus of elasticity of the web material
(EI)f = bending stiffness per unit width of flange in transverse

direction

it

z distance from the flange to the neutral axis of the composite beam

If the load-bearing capacity of the flange is reduced due to buckling or
shear lag a reduced value of of may be used in equations (7.1.2 e,f):
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1. Introduction

Timber has a high resistivity to chemically eggressive agents.
This is one of the reasons why timber structures are frequently
being used in the construction of storage halls for chemlcal ma-
terials or of industrial buildings with an aggressive environ-
ment.

Also with agricultural systems and plants, at certain buildings
(storage halls and production buildings) a high chemicel stress
and strain (loading) is occurring as well.

Failures and damages done to timber structures in these fields
of application are showing, however, that the corrosive action
of said materials and substances on the timber and the connec-
tions (fasteners) is often being underestimated. In the GDR,
freguently nailed roof frames and trusses with thin boards are
being used for agricultural buildings which have been optimized
exclusively in terms of the material comsumption. The chemical
agents are easily end promptly penetrating the thin boards which
will result in & corrosion of the nails.

The GIB Code /1/ is hitherto not yet including any recommenda-
tions with a view to considering the sttack of chemically aggr-
essive substances on timber strucltures.

This report shall present a proposal for a supplement to the CIB
Code.

The degree of aggressiveness (corrosivity) of the chemical action
(e.z. of salts, acids or bases) in a solid, liquild or gaseous
state of aggregation, the period of time of the actlon concerned,
the location of the structure concerned as related to the envi-
ronmental conditions, the kind of timber used and the siructural
design are altogether resulting in the formation of a corrosion
system, These individual factors are deciding the rate of de-
struction of the timber.

The proposal concerning the provision of a factor for considering
the chemical action is based on both investigations and studies
using removed timber components and laboratory tests.
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2. Proposal for a Supplement to the CIB Code

Timber is resistant to week acids with a normal indoor tempera-
ture end to alkaline solutions with a low concentration., A cor-
rosive action is occurring only due to sirongly acid and strongly
alkaline solutions. In general, the timber corrosion is insig-
nificant within the pH-value range of 2 > piI < 11.

With the majority of chemicals in a solid, liquid or gaseous
state of agpregetion, the corxrrosive action ig decreasing in the
course of time and a destruction is occurring only in zones lo-
cated near the surface (see also Brier /2/).

The factor for considering the chemical asction is being deter-
mined subject to the degree of stressing (exposure), i.e. the
degree of aggressiveness.

The cross-sectional dimensions are infivencing the efTect of the
corrosive action on the loadbearing capacity. Therefore, the
factor has been fixed subject to the {timber cross section. The
corrosive action is also bheing influenced by applied protective
systems which will be {aken into consideration as well.

The aggressive action of gases 1s resulting from the concentra-
tion of the gas concerned. Based on the concentration of the
gases, the degree of stressing of the chemical action is being
determined subject to the moisture grade.

4 dependence of the degree of stressing on the molsture grade is
being verified for solids as well,

3. Exemples

(a) Timber components of storage halls

At a hall for the storage of potash, square timber components
sized 100 by 120 mm are being used. The storage hall is not being
heated.
Clasgification: moisture grade 2;

the degree of sgtressing aeccording to Table 4

lg BG II.



The modification factor subject to the cross-sectional dimension
and to the degree of stressing is 0.85 according to Table 5
(see /2/).
The statically loadbearing crass sectlon is to be reduced by
this velue as follows:

avail. A = 0.85 * 12,000 mm° = 10,200 mm°,

statisch tragfihiger Querschnitt =statically loadbearing cross section
9900 « 0200'mm?

Thus, a protective layer of timber amouniting to 5 mm ig remaining
ag a structural coxrosion protection.

By means of square timber components removed from existing potash
storage halls with & service life of 50 to 70 years, the strength
over the cross section has been determined {(see Iigure 1). One
can see that just in the boundary zone of <5 mm & considerable
reduction in strength may be verified,

(b) Heiled roof frames of storage halls

For roofing over an unheated hall for the storage of fertilizers,
& nailed roof frame is being uged. The members are made up of
timber boards sized 25/115, 25/85 end 25/75 mn,
Classification: moisture grade 2;

the degree of siressing according to Table 4

is BG IT,.

lodification factor = 0.75, A = 9,000 mm® (acc. to Table 5 ).

i1

The cross sections being statically fully utilized must be in-
creased by the factor of 1/0.75 = 1.33.
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Smallw-size cross sections are being penetrated almost completely
whereas with large-size cross sections the aggressive substances
are incorporating only in the bhoundary zones (see the Figures 1
and 2).

Therefore, minimum cross secivlons and minimum thicknesses have .
been fixed for the degrees of stresging BG IT and BG IIT.

From siructural failures and damages done to nailed roof frames
wilith the above-mentioned cross sections of the timber boards {(i.e.
25 x 115, 25 x 85 and 25 x 75 mm), & maximun service life of
'25 vears only can be verified as compared with 60 years in the
case of a normal environment.

There are only the following two approaches to increase the ser-
vice life:

(1) increase of the cross sections, taking into consideration the
’ required minimum values, and
{2) application of & suitable and efficient corrosion protection

system.
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Miodification factorx ?rﬁ,4 as to "Aggressive lledia" at the limit
state of the loadbearing cepacity (GZT) and limit state of the
usability (GZN) of structural timber (BH) and glued laminated
timber (BSH) '

The kinds of medium are being divided into gases, solutions and
golids. By means of the criteria as to concentration of the me-
dium end moisture grade, the degrees of stressing (BG) I, IT and
IIT are being determined.

Ieble 1:

Degree of stressing (BG) Bxplanation

BG X not or slightly aggressive
BG IT moderately aggressive

BG TIZX highly aggressive

Thus, after the classification of the media into ranges of aggr-
essiveness the degree of stressing (BG) is to be determined by
means of the tables following hereinafter., With the BG, the modi-
fication factor 155,4 for aggressive media can be drawn from
Table 5 subject to the cross-sectlonal eize of the timber compo-
nents.

dn Pk ik S oy oy o

Gag, increasing aggressiveness Group of gas, with a concentra-
tion of ... Emg/ms)

A1 A2 A3
1. CH,0 (formaldehyde) Tee.200 - -
2. NH3 (ammonia) 0e5¢4.20 - -
3. 80, (sulphur dioxide) 0.244.10  10...200 -
4. NO2 (nitrogen dioxide) O0uele..5 - 5...25 above 25

5. HCL (hydrogen chloxride) 0.05...1 1...10 above 10
6. Cl, (chlorine) 0.02,..1 TessD above 5




L e

Degree of aggr- Moisture grade (FK)
essiveness (4) K 1 FK 2 K 3
A1 I I I
A2 I 1T II
A3 IT II IT
Table 3: Degree of stressing for solutions
Concentra~ Degree of  ~_ . .
Group Solution pli-value tion of the dissocia- gi?gziiif
solution  tion (with S48
1-noxinal
solution)
acids nitric acid below 2 up to 5 high IIT
HN03 above 5 IIT
hydrochioric up to 5 high IIT
acid HCL above 5 IiT
sulphuric acid up to 5 meddiun P
HESO4 above 5/ I1/11T
above 15
acetic acld 4 above 15 low I
CH,CO0H
3
bases soda lye up to 2 high 1T
aOH gbove 2 IiT
potash lye above 13 up to 2 high I
KOH above 2 1T
ammoniwn hy- up to 5 low I
droxide NH4OH above b I
salt so- chloride so-
iutions lutions: ‘
KCl, NalClL 7 up to 10/ medium I/IT
above 10
sulphate s0-
Ilutions:
Na 304 (Glau- up to 10/ medium I
vef's® salt) above 10
(NH4)ZSO4 5 up to 40 T
(ammonium sul-
phate)
(organic uxea 2 up to 40 I
compound.) CO(NH2)2




Table 4: Degrees of stressing for s0lid medis

pH-  Solubility Hygrosco- Degree of stres-

value in water picity sing (BG) with
moisture grade
K 1 PK 2 FK 3

S0lid medium

potash'fertilizer 8 good (up to good T II IT
20 %)

urea ' 9 good (up to  high T I 1T
40 %)

superphosphate 3 (up to 5 %) good I 1 iT

sodium chloride 7 good good I I IT

ammonivm sulphate 5 good (up to Llow I I T
40 %)

Table 5:

A B et

Jodification factors '3;‘4 for aggressive medla subject to the
b}
timber cross-sectional size

Degree_of Cross-sectional size Tactor
stf§§§lng ( 103 mm2 ) ﬁ}44
BG T 1.0
BG IT < 9 0.75

< 30 .85

230 0.95

BG ITI < 9 0.65
<30 0.75

230 0.85

Note: Liinimum dimension of the timber component concerned
with BG II and BG IIT: 40 mm; minimum cross-sectional
asrea: 4,000 mmz.
2“&,4 is releted to the ares of the unimpaired cross
section.

Permitted iimber preservatives (protective agents) are
not having eny aggressive action on the timber. When
using efficient linings (surfacings) or coatings, the
value of'gé’4 will be equal to 1.
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Ing }Ohtmll KoZeLouh Cbc.

l'gtaatl Lches Hol;forschungsxnﬂtltut Bratislava /éuSR/

STAND DER ENTWICKLUNG DER . BEMESSUNGSMETHODEN
ON HOLZKONSTRUKTIONEN IN DER (SSR ‘

1. Binfahrung

Die Eatwicklung der Bemessungsmethoden von Tragkonastruktionen
stellt die Bestrebung um die optimele LBsung deg Gegensatzes
zwischen den Sicherheitsforderungen und der Wnrtschalllchkelt der.
Konstruktionen der. Im Grundsatz geht ‘es um die Erreichung der
hochstpn Wirtschaftlichkeit bei der gleichzeitigen Erfullung der
Bedtngunz, dass die Konstruktion ihrem Zwecke wahrend der genzen
Nutzungszeit zuveriassig dlenen wird. - S

Dle Zuverldssigkeit der Baukonstruktlon bedeutet im brelteren
Sinne “die ElanSChaft dem projektmessigen Zwecke im geforderten
‘ Zeitabschnitt dienen zu vonmen, In diesem breiteren Sinne hengt
_ die Zuverlissigkeit zum Beispiel guch von der konstruktiven und
bauohjsikaiischen Projektierung, von der Qualitat der Ausfunrung,
von dem Holzschutz und von dem Brandschutz, von der richtigen
Nutzung und von der Bauerhaltung der Konstruktlonen ab.

Auvse den engeren /theoretluchen/ Standpunkt bezieht sich Jedock
der Begriff der Zuverla351gkelt von Beukonstruktionen vorwiegend
guf die Tragelemenue und Tragsysteme und guf die Methoden der Be~
urteilung ihrer Sicherheit und Nutzungsfeéhigkeit. In diesem engere
Sinne wird die Zuverltssigkeit oft sls die Wehrscheinlichkelt auc-
{eﬁruckt daos der in der Konstruktion in Betracht genommene Grong
zustend /der Tragfahlgkelt oder Nutzungqfahlgkelt/ nicht zaqtqm o
kommt.

Die Luver19031gke1t von Holztregkonstruktionen kann nach A&n
tschechoslovakischen Vorschriften durch die Berechnung /Grundver-
fehren/, durch die Belastungsprufungen /in 8p921alfa11en/ oder
durch die Kombination dies ser swei Methoden ermittelt werden,

2. Bemesasungsmethoden

Fur die Bemessung von holzﬁonstruktlonen auf Grund der Berech-
nung sind die zu%tandngen Berechnungsnormen messgebend - VOT &Ll
gehit cs um die Hclzbaunorm und um die Belz Jtungsnora - durch
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welche in der Regel such die Bemeqsungsmethode bestimmt wird. Bel
der pra?tlschen Bemessung wird die Zuverlassxgkelt der Konstruktiocn
aul Grund der Sicherhedtsbedingungen und der Nutzungofahlgkeltsbe—
dlngungen /dao bedcutet auf Grund der methemstischen Be21ehungen
fur den Nachwels der Tragfahlgkelt der Querschnitte oder Verbin-
dungen, bzw. der Verformung der Tregelemente/ beurteilt, durch
welche .die sogenannte allgemeine Zuver18551gkeltsbc&lngung in den
Berechnungsnormen praktlsch gusgeédruckt wird. Die allgemelne Zu-
ver18581gke1tsbed1ngung kann in folgender Form dargestellt werden
[1} |

A = B
WO das Symbol A die Aktion de's Systems "Konstruktion - Belastung -
~ Unmwelt" /zum Beispilel Blegemoment oder Durchbiegung des Tracera/
represantiert und das .Symbol B die Grenze /Barrlere/ darstellt,
welche die Grosse A -im Leufe der Nutzungszeit der Konstruktion
niecht ﬁberschreiteh derf. . |

Die ﬂolzbauvorschrlften haben lange Zeit auf der Methode der

zulassigen Spannungen veruht, wvon der noch bis Jetzt in einer Rei-~
he von Léndern Gebrauch gemacht wird. Diese Methode ist in ihrer

ureprunglichen Konzeption deterministisch, das bedeutet, dasg die
Elnpangggrousen der Belestung sowle der, Konstruktionselgenschaften
als fest /nicht als zufellig/ betrachtet werden,.In der ¢SSR wur-
den die Holzkonstruktionen nach der Methode der zulesaeigen Span-
nungen bis zum Ende des Jahres 1970 berechnei, wann die Wirkssm-
keit der GSN 73 2050 {2] ein Ende fand.

Die Bestrebungen um die genauere Erfassung der Beziehung zwi-
schen der Belastung und Tragfehigkeit, Nutzungsfahigkeit baw..
“Wirtschaftlichkeit der Baukongtruktlonen, ‘haben zur Entwicklung
.der probablllstlschen Slcherheltsmethoden und zur Entwicklung des
Verfahrens nach Grenzzustanden gefuhrtt ‘

In den probabilistischen Sicherheitsmethoden werden die Bigen-

schaften der Belastung, Konstruktion und der Umngebung im Einklang
mit der Uirklichkeit mls zuf@llige Varisblen in Betracht genommen,
die mit der Hilfe der matomatisch-statistischen Methoden und der
vahrsc}eJnllchkeltothcorlo untersucht werden. Das Zicl der proha—
bilistischen Sicherheitsmathoden ist es sicherzuotellen, dass die

wirklivh: Bruchwahrscheinlichkeit =D (R< o) /dargestellt

Py
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durch die uchraffiefte Flache auf dem Bild 1/ die zustandige pro-
jektméssige Wahrscheinlichkeit nicht, uberstloge. Die zugehorige
Wahrscheilichkeit des "Nichtbruches® /1 - pf/ w1rd als Zuver-
lassigkeit bezelchnet. '

Bel den-HoiZk&nstruktionen im Gegensatz zu den Konstruktionen |
aus enderen Baustoffen wird die relativ hohe Variabilitét und die
rheologischen Elgenschaften des Materials sowie der Konstruktion
in Geltung gebracht. Es wurde gezelgt [}] dass die Baustoffe
mit der hohen Variabilitat der mechanischen Eigenschaften /zu
denen such Holz geh3ft/ bei der Festsétzung der Versagenswahr-

scheinlichkeit auf eine esndere Weise behandelt werden rassen, als
die Baustoffe mit einer nledrlgeren Varlabllltat

In Abhanglgkelt von der“theoretlschen Ebene werden die proba~,
bilistischen Sicherheitsmethoden gewohnllch in-drei Ebenen einge- .
teilt; in der tschechoslovekischen Literatur werden sie sls die
Method?® der extremen Werte, als die Methode der funktionalen
Extreme und als die exakte Methode bezeichnet [4], aus dem inter-
netionalen Standpunkt ist die Binteilung in drei Ebenen mit der
englischen Bezeichnung Level 1 - 2 -~ 3 verbreitet. Die probabi-
listischen Sicherheitsmethoden ermoglichen theoretisch die hochst-
mogllche effektlve Losung des Problemes der Zuverlasq1gke1t und
der Wirts chaftllchkelt der Trag?onstruktlonen' das grosste Hin-
dernis auf’ dem Wege zur praktischen Anwendung delr hoheren Ebenen
dieser Methoden sind dié unzureichenden Erkentnisse uber die sla-
tistische Verteilung der Belastung und der Resistenz der Konstruk-
tion. Es kann deshelb engenommen werden, dass in der absehbaren
. Zeil die tschechoslovaklschen Holzbauvorschrlfcen guf das weitere
auf der Methode der extremen Werte gegrundet soin werden, die
guch als dic halbprobabilistische Methode bezeichnet wird.

Das Bemessungsverfahren nach Grenzzustanden hat such bel den

Helzkonstruktienen in einer Reihe von Landern des Verfehrer nach

zulassigen Spannungen ersetzt. Das Verfahren nach Grcnzzustanden

wurde in die Praxis schon am Anfang der funfzigen Jehre in Ungarn
und in der UASSR eingefuhrt, spater such in anieren Landern, ge-

wohnlich zuerst fur die Betonkonstruktionen., Die Prinzipien Qiem

ser Konzaption warden schon vor 60 Jshren formuliert [5].

Der Grenzzustand der Konstruktion ist erreicht, wenn dic



Konstruktion nlcht im Stande ist den proge?tma831gen Betriebsen-—
forderungen zu entsprechen, fur die sle p“oaektlert wurde. Die
Grenzzustande werden in zwel Gruppen eingeteilt:

- Grenzzusténde der ersten Gruppe, bei denen es zum Versagen der
Tragfahlgkelt oder zur volligen Unbrauchbarkelt der Konstruktl(n
komnt /z.B. durch des Versagen der Forms ytabilitat, der Stabili~
tat der Lage oder durch des Festlgkeltsversagen Jedweder Natur/

-'Grbnzzustande der II. Gruppe, die die normale Nuizung der Kon-.
struktion erschweren und die die Grenzen des annehmbaren und
'des unannehmb ren Zustandes sus dem Standpunkt der kons strukti-~
ven, technologlschen, psychologischen oder h&gienischen'Auswir~
kungen bel “der normelen Nutzung der Konstruktion kennzeichnen.
Bei den Holzkonstruktionen wird in der Praxis am hsufigsten der
'Grenzzugtand der unzulassigen Verformung /in der Regel wird die
Durchblegung nachgew1esen/ untersucht die mit Hinsicht auf den:

reletiv niedrigen E-Modul des Holzes bei der Bemessung oft ent-
acheidend ‘ist. Weitere Falle der Grenzzustande der Nutzungsfa-
higkeit von Holzkonstrukiionen sind unzulassige Schwingungen,
lokale Beschadigung /einschliesslich Risse/, loksle Beulen von
dunnen Stegen oder Beplankungen ohne Bruch w.a. '

Es ist notwendig zu bemerken, dass das Versagen der Konstrulk-
tion /d.h. die Errelchung des Grehzzustandes/ Lann von welteren
Ursechen beeinflusst werden, die mit Lasteinfliissen vnnittelbar
niecht zusemmenhangen und mathematisch schwierig dergestellt wer~
den. Diese Crenzzusténde hangen gewohnlich mit der Dauerhaftigkeit
der Kons+rukt10n zusemmen und bel den Holzkonswruktionen gnhort
zu ihnen die biologische Beschadlgung des Holzes /durch Faulnie-
pllze,«insekten/ und die horr081on der sus Stahl verfertlgten
Verbindungsmittel.

Die Biziehung des Verfahrens nach Gfenzzust%nden zu den mathe-
matlsch— statistischen bzw. probabilistischen illethoden, die oft
als eines der Grundettribute dieser Methode beziechnet werden,
vurde im DLaufe der Entwicklung praylzlerf. Des Verfahren nach
Grenzzustanden macht von den methematisch~ statistischen urd pro-
babilistischen Methoden Gobrauch oder fuhrt sis ein, diese nengen
jedoch mit der Natur der-Grenzzusande im Grunde nicht zusammen

(1, 4].
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" Das Verfahren nach Grenzzustanden bringt die\Unaicherheit der
Belastung sowie der Resistenz dex Konstruktion und auch die Nut-
zungsbedingungen und die.Bedeutung der Konstruktion mit Hilfe der
Teilsicherheltsfaktoren zum Augdruck /nach der'gegenwértigén Mg~
thode, die in der CSN 73 0031/ST SEV 384-76 [ 6] ibre Definition
ﬁindet, sind das der Lastfaktor y% , Kombinationsfaktor y, Ma-~
terislfaktor y. Wertigkeitsfaktor ¥y und Anpassungsfaktoren,gé/,
was im Vergleich zu der Methode der zulaéssigen Spannungen eine
.gennuere Ausdruckweise der Sicherheit und die Unifiketion des
Berechnungsvorganges ermoglicht. ) . | o

| Die- Bemessungsaethode, die von den Teilsicherheitsfaktoren
ebhangig ist /die sogenannte Methode der Partislkoeffizienten/
- hat jedoch eine breitere Bedeutungvund wird such alg die Bemes-
sungsmethode der 1. Ebene /Level l/ hezeichnet. Zum Béispiel der
Vorschlaglder‘internationaien Holzbaunorm ISC/CIB [7] der auf
dieser Mcthode basiert, kenn such fir die deterministischen Bemes-
sungsne thoden verwendet werden /der Lastfektor ¥ wird durch den
Einheitowert eingefihri/. Anderseits die Grenzzusténde konnen suck
mit den Methoden der hohercn Ebenen /mit den probabilistischen
Sicherheitsmethoden/ untersucht werden. Es wird deshallb empfohlen,
~den Begriff;"Grenzzuéiépde” nur dann zu benlitzen, wenn es sich un
die Charaktcristik der einzclnen Grenzbetriebsanforderungon‘hanm

deit, a.h, der Grenzen auf der sogenannten Zustandcherakteristik
der Konstruktion [4].

3, Stand und Entwicklung tachechoslovakiachen Holzbauvorschriften

Ty der OSSR wurde fur die Berechnung von Baukonstruktionen nach
Gronzzusténden die gesetzliche Vorausgtzung durch die Ausgabe dor
Norm CSN 73 0031 sus dem Jehre 1963 gebildet. Diese Norm het die
Grundsitze dieser Methode formuliert, die in den RGYW Landern '

angenommen wurden [8].

An diese Grundvorschrift hat sich die Belastungsnorm und dile
Berechnuhgsnormen fur die Bemessung)von Konstruktionen eus ein-
zelnen-ﬂauétoffen engeknuplt. Fur die Holzkonstruktionen war es
dic GON 73 1701 aus dem Jashre 1971 [9], die neben der sowietiechorn
Norm 1 1 TU 122-55 als eine der ersten Vormen fur die Berechnung
_voh,Holnbaukbnstruktioﬁen nach Grenzzusténden zustende kam.

Fu~ 1ie Beurteilung der Skonomischen Wirksamkeit des ncucn



'Bemugqung3vhrfahren ist ein W1cht1ges Krlterlum der Vérgleich mit
dem bishe 1gen Verfghren, das fur die Projektierung eilner ganzen
Henge- von realisierten Bauwerken angewendet wurde. Dabeil wird oft
die Torderung hervorgehoben, dass die nach dem neuen Verfahren
‘bemessenen Konstruktionen im Durchschnitt einen hoheren ﬂatarlaln
verb“auch nicht susweisen, als es bel der Anwendung des. alten
Verfshrens wars For die Holzkonstruktlonon haben wir versucht
gine womelich allgemeine Vergleichgmethodik zu formulieren, w1c
es aus der Arbeit L}O] nervorgeht. ~ . ¢

D;rch dle neue Ausgabe der GSN 73 OOBI/ST SEV 384-76 [61 wur@e
in dzy (SSR eine clnheltllchc Konzeption der Grenzusteénde im Rah-
men der RGW und sueh im brelterem 1nternatlonalen Messkab einge-
fahrt. Revidiert wurde such die tschechoolovahnsche Belagtuhgs-
_norm fur die Baukonstruktionen [117] und die Norm fur die Bezeich-
nungen | 12]. In diese Norm wurden die Angaben aus der ST SEV
1;65m79 L}BI elngearbeltet. Mit Hlnulcht auf diese Grundvorschrifi-
ten wurde die revidierte Gsu 73 1701-Ausgabe 1984 [i{] ausgearbel~
tet, die glelchzeltlg im Elnklang mlt der inlandischen und aus-
landischen Entwicklung suf dem Gebiet der Holzbaukonstruktionen

in der 1etzten Zeit erganzt wurde.

Pussbr der Grundnorm CsN 73 1701-84 beziehen aich auf die Pro-
'Wektlovung und Auvsfuhrung von, Holzbaukonstruktionen unmi.ttelbar
© yor sllem diese welteren tochéchO%lovaklschen Normens:

¢SN 49 1531-72 Holz fur Baukonstruktlonen

Gsn 73 2052~66 Herstellung gelelmter Holzelemente
GsN 73 2810-64 Ausfuhrung von Holzbaukonstruktlonen
ON- 73 6212~ 84 Projekticrung von Holzbrucken.

Dic gegenwartlge Borechnungsme thode™ von Beukonstruktionen
nech GOSN 73 '0031/ST SEV 384-76 67 ist suf der sogenannten Metho-
de der extremen Werte geglundet die die erste /niedrigste/ Ebenc
der pﬂotablllstlachen Slchorhcltsmethoden darstellt. Die Zuver-
1aseigkeitsbedingung kenn nach [4J in allgcmelner Form

<
Alagg) = B (by)

dargestellt werden, wo A der Ausdruck des gegenwartigen Vorhan-

densein der Kon%truktlon und der Belastung ist, welche die Fai-

ktior der Rechenwerte der ElngangoprosQen /z.B. Belastang,



Qu- rsck nl.ttﬁbmessungen w.a./ ist. Die Grosse B 1<3t die Funktion
/
e Rechenelgenschaften der Konstruktlon, der Belesstung u.a, und

Peprésentiert die Grenze, die von der Grdsse A in der Nutzungszeif
Jdes Berawerkes nibht ﬁberéchrittcn werden darf. Mit Hinsicht darauf.
fass ded Jztzige Stand der Erkenntnisse Uber das zufalllge Verhal-
%en der Grossen die in dic Berechnung elngefuhrt werden /Belag~
tung, Materieleigenschaften, geometrische Parameter w.a. / es

“nicht erlaubt die determlnlstlschon Methoden auszuschliessen,

W1rd die benltzie Methode auch als halbprobablllstlsch bozelchnct.

Bei der Berechnung nech Grenzzustanden werden allgemecin die
‘Recheanrte der L.st in Betracht genommen

Fd” = Fn ) rf

wo F  dic Normlast und 7. der Lautfaktor ist, der fur die Grenz-
zustande dar I, und II. Gruppe differenziert wird /dem entspricht
. die sogenannte Extremlast und Betriebslast/, Fur die Grenzzustén-
de der IT, Gruppe wird vorlauflg ¥r © 1,0 elngefuhria A

‘Die gusellschaftliche Bedeutung des. Bauwerkes mit Hinsicht auf
die Folgen der etwaigen Errcichung des Grenzzustandes wird mit
dem Wertigkeitsfakior y in Betracht genommen. Mit dem Wertig-
kcmtsfahtor wird /nach der in deyx 5SSR angenommenen. Methodik/
der Lastfaktor adaustlert. '

Mit der Frage der Einfthrung des Einflusses deor zufallig ves-
riablen Abweichungen der geometrischen Parameter /querschnittab-
megsungen/ in die Berechnung hangt eng die Inbetrachtnshme eines
weiteren variablen Faktors - hnwendung von Standardqucrschnitten
von Schnittholz /Bauelenmenten/ bei der Projektierung; dicse zwel
_Elnflu sc wirken gegeneinander., Bei der Festsetzung der in der
gsn 73 1701 engcgebenen Rechenfestigkeiten wurden dlese beiden
Einflissc berucks:chtlgt r15] und gewohnlichen Fallen kann man
deshall aus den Nomlnalwerton der goomotrlschen Parameter ausgehen.

Grenzzueténde der Tragfehigkeit

_ Fir die Grenzzustdnde der I. Gruppe wird in der (SN 73 1701-84
‘die Zuverlissigkeitsbedingung in der Form

<

Sud' = {a ’ Rud



ausgedrﬁckt, WO

Sﬁd - Kxra “telnflusu d T C\tw"mun H@chenlast

‘Ryq ™ Rechentragfehigkeit dos Querschnlcteu oder der
Verbindung under den qundnut&ungsbedlngungen

Xh é_Produkt dey Aﬁpassungsfaktoren bel éer Borcchnung.naCH
Grenzzustanden der T. GrupDc.

- Bel den Holzbaukonsaruktlonen 18t gs allgemein notwondig die
AnpaOShng aktoren Holzfcuchte und Belastungsdauer immer zu ba-

ricksichtigen, mit Hinsicht suf die markante Binwirkung dl@S@;
Bedingungen suf die mechanischen Elgenscheften des Materials und
der Konstruktlon. '

Die €SN 73 1701 84 unter scheldet aus 9tat1%cher Sicht nur zweil
Holzfeuchteklassen ~ die sogenennte geschutzte und ungeachutate
Exp021t10n. Die Lastkleséifikation nach der RBelesungsdauer ist in
der Ubereinstimmung mit der Belasungsnorit [111 bericksichtigts
dabei werden die folgenden Belastungskategoricen . unterscheidet:

- stBndige und/oder lengzeitige Last

- kurzzeitige Last susser der Windlsed
- Windlest .

- auSserordontliche Verkehrlast.

Aussger den Anpassungsfaktoren Holzfeuchte und Brlastunquouer
werden fur die einzelnen Konstruktionstypen, Bauclemente sder
Verbindungen weitere Anpassungsfaktoron in Betracht goenomman:

-~ Anpassungsfaktor "Holzkrummunp

- Anpas ungsfaktor "Quorschnlttshohe” b, ”Que?ochnlttsform
fur die Biegebeanspruchien RBauglieder

- Adpdssuagrfaktor, der den BEinfluss von rechtwinkligOh fus-
klinkungen bei Blegetl{wern beritiokgichtigt

~ fnpassungsfektor 70 cie velelmteJ Knotonverblnﬁunwcn i
Presgsnsgzelungs

Dor Recnenwert der Festigkelt ist durch dic Bezichung

Rd T

W,

gegeben. Dabel Rn ist dor Normwert, der Rechenfestigkeit, dor mit
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der ststistischen 0,95 Garantie /5 % - Quantil/ unter definier-
ten.Beéinﬁungen festgesetzt wird., Fur die Holzbaukonstruktionen
simtdicse Bedingungen nech [7] die Kurzzeitbelasung /3 = 5 Min./,
Temperatur 20 ¥ 2 °C und reletive Luftfeuchtigkeit 0,65 % 0,05.

Bei der Festsetzung der Normfastigkeiten des Holzes und der
Holzwerkstoffe werden zwel verschiedene Vorgenge benutgt:

&/ Standardprifungen an kleinen fehlerfreien Proben, die durch
die Anwendung von Beiwerten von Holzfehlern und Querschnitiab-
messungen ergénzt werden '

b/ Priufungen von Konstruktionselementen in der normelen Grosse
und Qualitét. Dieser Vorgeng ermbglicht praxisnshere Resultate
~und setzt sich immer mchr durch, obwohl er grosseren Material-
und Arbeitsansatz erfordet. Als einc forischrittliche Veriante
diescs Vorgenges kenn man meschinelle Schnittholzsortierung be-
trachten. '

Durch 6oﬁ Materialfaktor Xﬁ wird der Normwert der Festigkeit
in die Rechenfestigkeit transformicrt. Dedurch wird die Komponen-
te der Fastigkeitssireung susgedrickt, die im Normwert nicht ein-
geschlossen ist, und auch weitere variable und unvariable Ein-
flisso warien in ricksicht genommen. Bei den Holzkonstruktionen
sind das z.B, die Methode und die Stufe der Kontrolle der Schnitt-
holzsortierung, Stufe der Fertigungskontrolle und Kontrolle der
‘feftigen EFauclemente, Stufe der Kontrolle des Entwurfes /der Be-
rechnung/ und weiterc Faktoren.

¢ Matzrielfaktor Y%list bei den Holzkonstruktionen mit Ruck-
sicht auf lic Anisotropie des Holzes von der Arti der Beansprua-
chang, w2iter auch von dem Typ /von den Dimensionen/ der Prafkor-
-per wd ven der Sortierung mbhangig., Fur die-Festsetzung.der Vor—
te dow Matorislfaktoren und der Normwerte der Rechenfestigkeiten
/bzw. der Tragfaéhigkeiten der Verbindungen/ stehen fur die Helz-
baukoastruktionen in der ¢SSR bis Jetzt nicht genug experimen-
telle Urtcrlagen zur Verfugung. In der €SN 73 1701-84 sind dnher
bis euf wveiteres nur diec resulticrende Rechenfestigkeiten der
Materialicn bzw. die Rechenbelastungen der Verbindungen fostge—
setzi,
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Grenzzustinie der NutgungafBhipkeit

Die Zuvorlasq1gheltsbedlngung fur den durch den Verformung
effekt bedchriebenen Grenzzustand der Nutzungs sfahigkeit kann auf
folgende Weise susgedrick werden: die Verformung von der Rechen-
betricbslast /welche bel den Hol7konotruktlonen mit dem Lastfak-
tor X% = 1,0 fLstgosetzt wird/ darf den Grenszwert der bemcgssenen
Verformung nicht uberschreiten. Beil den Holzkenstruktionen w1rd
gewohnllch die Durchbiegung nach der Formel

<
r o= flim

nachgewicsen,
Die Sicherstellung der Zuverlassigkeit von Holzkonstruktionen

- aus dem Standpunkt der Grenzzusande der IT. Gruppe wird vorlaufig
vor allem auf die genauere Berechnung der Vorformung mit Hinsicht
auf die ochubdurchsenkung, Nachgiebigkeit der Verbindungen und
. Berucksichtigung der Kriechverformungen bei der Langzeltlaest be-
sehrankt. Die Norm SN 73 1701-84 ermoglicht dabei zwoel Vorgange:
. a/ Nachwois der kurzzceitigen Durchbiegung, fur welche die pro-
Jektmhasige Grenzwerte fys. featgelegt sind,

b/ apprOPQY1t1vc Bercchnung der wirklichen Durchbicgung bei der
Lengzeltbelasgtung, wenn es aus Betriebsgrunden notwendlg ist
diese Durchbilegung nachzuweisen°

Materialglute

~ Ein Schlusselproblem der Zuverléssigkeit von Holzkonstruktio-
nen mit Ricksicht suf ihre Projekticrung, Ausfilrung und Gutesi-
cherung ict die Garentie der technischen Parameter des Meteriels,
d.h. dic Sicherstellung der efektiven Auswahl /Sortierung/ dzs
Bauholzss-naéh dem Verwendungszweck /nach den mechanischen Ei-

© genschaftun,.

Aussichten der Bemessungsmethoden

Es kesnn vorsusgesetzt werden, dage dic gegepvqrtlge Normmatho-
dik fuar dile Bemessung von Paukonstruktionen, dic auf der soge-
nannitcn holbprobabilistischen Methode der exirencen Verte gegrun—
det ist, im Laufe der nachsten 15 - 20 Jahre im PTLWZIP unveran=
dert bleiben wird., Das Programm der normbildenden Arbeiten und
der” Forschungsarbeciten ‘kann im allgemcinen els Tortschreitenie
Vervolllonmung und Praziziecren des Verfohrens "nach Grenzzussnden'



',,.1]._...

b01 der glelchzeltlgen Schaffung der Bedingungen fur dle Entwick-
_1ung der probabilistischen Sicherheitsmethoden und zwar sowohl
gus dem Standpunkt der Theorie /der. Bomossungsm(chodon/ als. auoh
sus dem Stendpunki des Materlals, der Ausfuhrung und der Gitesi-
- cherung. Die Gewinnung der normbildenden Unterlagen muss sich da
.bei euf die Resultate der w1°senochaft11chen Arbelten, der For-

achungs— und EntW1cklunggarbelten stutzen.

H

‘Auf dem Gebiet der Holzkonstruktlonen zeigt es sich zweckmia-
sig, die Aufmerksamkeit vor allem auf folgende Fragen zu richten:

a/ Fprtlaufénde Ergénzung und Vertiefung der BErkenntnisse uber
des Verhalten der Materialien und Verbindungen von Helzkonstruk-
" tionen =zwecks Ermittlung der Unforlagen fur die Festsctzung der
Normwerte der Rechenfestigkeit und der partislen Materielfaktoren
der Holwzbaustoffe und der Verbindungen. Es handelt sich vor allem
un diese Probleme: ‘ ‘

- Festlegung der Nermwerte der Rechenfestigkeit und der Material-
kennwerte von Hélzbaustoffen und Verbindungen mit Hilfe dor
Proben in kenstruktiven Dimensionen |

- festlegung der Wahvscheinlichkeitsferteilung und der statisti-
schen Charakteristik der mechanischen Eigenschqften'von Holz-
~baustoffen und Verbindungen I '

- 6berprﬁfung des Einflusses der Nutzungshedingungen auf dic
Wehrscheilichkeitsverteilung der mechenischen Eigenschafien

- Ermittlung /Untersuching/ der statistischen Modelle fur die
Tragfehigkeit von Holzbauelementen baw, Holzkonstruktionen

b/ Vervollkommung der Berechnungsmodelle und der experimentalen
Modclle mit Hinsicht suf. die treueste Erfassung der konkreten
Einwirkung-der Konstruktion. Dabei soll uvnter- axderem folgendesg
in Betracht genommén werden: | | ‘

-~ Nutzungshedingungen

- rheologische Bigenschaften des Materials und der Konstruktlon

~ Einfluss der Imperfektionen

- Sortiecrung von Schnittholz )

- Entwicklung der Rechentechnik /mon kenn voraussetzen, dass dice
Berechnungsnormen ein Bestandteil der ComputcrmDatquanken sein
waerden/ .
¢/ Erginzung von L stennzhmen mit Hinsicht euf dic rheologischen

Eigenschaften der Materielien /Informationen Uber dic Lastdauer

und Lasigcschichte/,
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Es muss hervorgehoben werden, dess fur die Realization des an-

gedeuteten Progremmes die internationslce Koo eretion und Zussammon-
P

~arbeit vorausgesetzt werden muss.
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WEW &G D R TIMBER DESIGN CODE -~ STATE AWD DEVELOPIENT

1. State of the Reseaxrch Work

Since 1985, in the GDR & new timber design code is being prepared
and elaborated which shall be based on the method of limit states.
Reports concerning the accomplished basic activities end the con-
tent of the individual draft codes are included in the papers
mentioned under references /1/, /2/ end /3/. The future design
end calculation code shall mainly consist of three parts (see the
Table 7 ).

Part 1 shall be assimilated to the CIB iiodel Code and the EBurocode.

Tt will comprise the definitions, symbols, units and bases for

the calculation, design and construction of timber structures {sece
para 2 hereinafter).

In comnection with the project of the new code, other existing
codes and standard specifications must be modernized since thelr
rules and regulations will then no longer comply with the latest
state (see Table 2 ).

Both the new code and the revised codes shall correspond to the
internationsl trend being represented by the CIB liodel Code /4/
and the Burocode 5 /5/ (see also Tables 7 and Z ).

The research work concerning the bases (fundementals) for ell three
parts of the code has been continued.

2. Draft Code (1989)

ot AL Ehlel o ogala S~ Ryt ._._..,............ L5 Jhaspootegiiinitutovifymtimp it gy st QP i St

The arrangement, the designations end the definitions have been
revised anew as compared with the reports indicated under /1/,
/2/ and /3/ and are now corresponding to the Burocode 5 /5/ (see
Figuie T).

Merely in the chapters 3 end 5, structural timber and glued lemi-
nated timber only are being deglt with. Timber engineering nate-



Pase 3

rials, glues and mechanical commecting means (fasteners) asre being
dealt with in a separsite Part 3 of the Draft Code. Chaptlex 6 will
be modified according to the specifications included in the TGL

33 135%/01 Code of the GIR.

The great number of tests performed with a view to achleving a
scientific consolidation of the new timber design code has been
gecomplished in compliance with and on the model of the RILEL/CID
recommendations as to the testing of structural timber and con-
nections (fasteners). Within the next years, the test codes in

-+

the GODR will be revised in accordance with the IS0 Codes.

-—-m..-...-....—.-..—-....—-—.......-...._-... .—..—.-.-....--.....-.-...-—..—..——-—--.

g—l

dxcepbions to the Burocode are existing with regard to the loa
Tactors, The GDR Code dmted 1978 for the design loads is Tixing
load factors Tfor the calculetion by limit states /6/.

In compliance with /6/, the load factors as swmarized in Table 3
are applicable.

The design values of the load ere being determined by means of
the Tfollowing ecuation:

n ; ™ "
[=- I=7 ’

L] 7 “L-

where 1 = 1 ... is the index Tor permanent and long-{term
actions

j = 1 ... is the index for short-term and instantaneous
gctions

according to Table ¥ as per Ve%
eccording to Table £ as per /6/
according to Table 3 as per /6/

§
§s
In compliance with/%/, a valency factor ranging - subject Vo the
reliability grade - between O.9<:Xh £ 1.1 is applicable (see

Table X ). Thus, the different degree of reliability of the struc-
ture concerned as to the level of the design specification is

1]

1

being taken into consideration,



The combination factor \V is considering the reduced probability
of & simultaneous exceeding of several loads and is having - acc-
ording to /6/ - the values as indicated in Table 5 .

In Table ¢ , the partisl safety coefficients for actions as appli-
cable in the GDR are being compared with those velues included in
the Burccode. In this connection, the valency factor has been ta-
ken into consideratiomn.

The Eurocode 5 is fixing higher values for the partial safety co-
efficients concerning actions.

4s between the previous proposal for the moisture grades indicated
in /3/ end those values fixed in the Burocode 5, there have been
only slight differences which are now eliminated by an approxima-
tion to the Eurocode 5 (see Table 7 ).

Table ﬁzshows the ellocation of different kinds of utilization to
the modified moisture grades.

An anelogous approach was adopted concerning the load sction pe-
riod grades. The GDR propossl from 1987 as compared with the Huro-
code is illustrated in Pigure 2 . Also the slight difference of
the classification of the load action period as compared with the
Furocode 5 has been eliminated by means of the new GDR Draft Code
of 1988 (see Figure 2 ).

The GDR Code for the design loads /6/ comprises a classification

of the loads which are being allocated to the new grades of the

ioad action period as shown In Table 5.

Table I includes a comparison of different code proposals con-
cerning the modification factor for considering the influence of

the load action period.

A propossl for the grouping into a time grade is showm in Table 7056,
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2.3,1. Sorting of the Timber

Hitherto, in the GDR structural timber has still exclusively been
sorted according tc visuel criteria.

Seid criteris were fixed by a code dated 1963 /8/. This code is
corresponding in general to the DIN 4074 Code dated 1938 /10/.



The present sorting code specification has been revised in 1988
(see /9/) and is now comsidering also hardwood in addition to
softwood. Moreover, now a mechanical sorting of the softwood and
hardwood is possible as well,

The visual criteria have been revised in part. However, as before
a grouping into quality grades is being accomplished.

The criteria for the mechsnical sorting are based on the guality
grades in combination with the modulus of elasticity in bending
which mechanically can be determined in a fairly easy way (see
Figure < ).

Eowever, the sorting effecis are different subject to defined
grade limits for the moduli of elesticity which is being demon-
strated by an initisel investigation into the influence of diffe-
rent grade limits (see Figure %),

Yith the varisnts © and 1, the values of the modulus of elastiw~
city have been fixed so that they are within the range of the

5 % froctiles (quantiles) for strength grade IIT (verient 0) ox
of the minimum velues for all strength grades, respectively.
With varient 0, the quantity of structural timber of quality
grade II according to strength grade IT is slightliy increasing
whereas with variant 1 the sorting effect is identical with a
visual sorting by guality grades (see Figure &Y, The gquantity
of structursl timber of quality grade 1 sccording to strength
grade I is decreasing with a simultaneous considerable increase
in strength. The small percentage of sorted~out timber due to
the low modulus of elasticity for the strength grade III must be
purchased with a loss in strength as compared with the visual
sorting. By means of the variants 2 and 3, the strength of the
strength grades II and III can be improved as compared with the
varient 0; however, this results in considerably increasing the
percentage of sorted-out timber.

The connections and interdependencies must be taken into account
with future economic studies and investigations. Viith a view to
achieving a percentage of sorted-out timber being as small as
possible, for the Draft Code the grade limits of the variant Ob)
have been fixed (see Figure 3 ).
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2.3.2. Quality Control for the Production of Glued Laminated
Timbexr

The technical conditions end specifications snd the saleguarding
of @& constant quality for the production of gilued laminated tim-
ber are being arranged in the GDR by means of separate codeg (see
/12/ and /13/). In compliamce with said codes, regular checks of
the tensgile sheer strength of the glued joint, the tensile sirength
of the key~-dovetail connection end the flexural strength of glued
leminated timber beams in siructural timber dimensions must be
pexrformed.

Seid codes will be revised within the nexbt years, and in Tfuture
they shall correspond to the testing specifications of the T30
Codes and to the international standard specifications for the
production of glued laminated timber.

2.3.3. Investigations into the Strength of Structural Timber
and Glued Laminated Timber

With a view to determining the characteristic material stfengths,
experimental studies and investigations have been accomplished.
Tn this connection, issues of focal interest were investigations
into the flexural and compressive strength of structural timber
end glued leminated timber which has been sorted mechanically and

visually.

Flexural strength of structural timbexr:

The studies end investigetions have been performed by Apitsz /20/
by using test specimens in structursl timber dimensions. An inter-
pretation (evaluation) of the tests is illustreted in Figure S,
The characteristic values were determined as & result of the three-
parametric Weibull distribuiion according to the GIR Code No.
38791/03. The characteristic velues of the visuvally and mechani-
cally sorted quality grades of timber can be allocated To the
strength grades of the Burocode as indlicated hereinafter (see

also Figure S5 ).



Quality grade Strength grade acc. to
acc., to GDR Code Burocode

grade gtress
Visually soxrted >
timbenr G I C 6 28.5 H/mm
G IT 5 24.0 T/mm®
G IIT C 3 19.0 H/man®
llechanically sorted 5
timber 1 ¢ 7 38,0 T/mm
F 2 ¢ 6 28.5 W/mn?
F 3 ¢ 3 19.0 T/mm?

4 remarkable feature is the insignificent scaltering as to the
strength with mechenicelly sorted timber (see Figure & ) which,
however, is also dependent on the selection of the sorting cri-
teria., The sorting criteria used in the revised sorting standard
specification have been selected so that with the strength grade 3
the vield is as high as possible (no rejects, if possible). Thus,
the strength and the scettering for the strength grade 3 are within
the ronge of the visuelly sorted timber (see Figure 5 ).

Compression strength of structural timber:

The compression strength in parallel with the grain of visuslly
sorted timber has been studied and investigated by Kiesel (see
/26/). An interpretation of the authors reveals smell differences
between spruce and pine timber. The values were combined for the
two kinds of timber in order to obtein date concerning soitwood,
Phe allocation to the grades according to the Zurocode 5 resulis
in a conformance with the characteristic values forxr the compres-

sion strength in parallel with the grain (see Figure 22).

Quality grade (GKL) Failure Humbexr of  Strength grade acce
acc, to GDR Code strength  specimens to Burocode
¥ /mme n compression strength
Gl I 26.22 542 ¢ 6
GKl IX 24.03 124 5
GK1 TIT 17.23 41 c 3
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Bulk deansity of structural timber:

When performing the tests with regard to the compression strength
in parallel with the grain, the bulk density was recorded as well.
The values resulting from an interpretation (evaluation) are as
follows:
pine timber 580 «oe 5TT oo 557 kg/m3 {quality graede
GK1 T %o III)

spruce timber * 433 ... 464 ... 4381 kg/m3 (quality grade
Gl I to ZII)

In the case of spruce timber, the bulk density is increasing with
a diminishing quality grade. This i1s not in contradiction with

the practice of the visual sorting since the bulk density is not
being measured.

The bulk density is being taken into comsideration directly or
~dindirectly only with the mechanical sorting. (/395”1? Ea, ?A/)
Visually sorted pine timber and spruce timber can be allocated to
the bulk density grade D 500 and D 400, respectively. Comnsequently,
softwood is corresponding to grade 400 with the strengths squarely
to the grain when allocated to said grade. The values are as
follows:

' tension 0.4 N/mm2 ; compression 7,0 N/mmg.
Pension strengzth of layers of boards for the production of glued
laminated timber:

The tension strength of layers of boards with and without key-
_doveteil connection which previously have been sorted visually

or mechenically is being illustrated in Figure T . Figure I re~
vesls a digtinct influence of the method of sorting én the strength
of layers of boards without key-dovetall connection.

Tn the case of layers of boards with key-dovetail comnection, en
influence can be found as well which, however, is not as distinct
s that in the aforesaid instance. The characteristic values are
within the range of those values indicated by Ehlbeck in /23/ for
laminae with and without key-dovetail connection only with qual-
ity grade I and sirength grade I,

The experimental values for the flexural and tensile strength are
being classified in compliance with characteristic values accord-
ing to Annex 22 of the Eurocode 5.
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Key-dovetail counections are in part reducing the strength consi-~
derably.

As a rule, key-dovetailed timbexr must therefore be grouped into a
category being inferior by one grade (see Figure 7).

Flexural strength of glued laminated timber:

Hitherto, 3 sorts of glued laminated timber are existing., The In-
dividual layers of boards are being sorted visually (see BSH 1 o
BSH 3 in Taeble 77, with BSH meaning glued lamineted timber). For
the future, in the GDR there will be 3 additionsl sorts of glued
leminated timber with which the layers of boards will be sorted
mechanically.

The flexural strengih of glued laminated timber is illustrated in
Mgure 70,

The increased charscteristic strengths for mechanicelly sorted
glued laminated timber must be attributed to the felrly insigni-
ficant scatterings with small quantities of test specimens. A
distinct difference in strength can also be found as between glued
laminated timber beams without key-dovetail comnection in the ex-
ternal zone and those with key-dovetail connection in the external
zone,

Ain sllocation to the strength grades indicated in Table A 2.1 of
the Hurocode is being accomplished in Figure 70 as well.

Flexural strength of glued leminsted timber subject to the girdex
depth:

(a) mechanically sorted glued laminated timber girders

With regard to the still somewhat obscure connection between cross-
sectional height end flexural strength with mechanically sorted
glued laminated timber girders, experimental studies and investi~
gations were carried out. For this purpose, 12 girders each of

"} 3t-type glued laminated timber with a cross-sectional height

of 192, 288 and 608 mu have been produced and tested.

A1l test specimens were provided with key~-dovetail connections in
the test zone since during the production glued laminated timber
girders without key-dovetail counections in the outside layer are
hardly being menufactured.
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From the values according %o Figure 77 one can see that up to a
height (depth) of 608 mm the characteristic strength is not de-
creasing. Also the mean values for the modulus of elasticity which
are required for the limit state of the usability are not decreas-
ing up to depths of 608 mm:

(p) visuelly sorted glued lanminated timber girders

Tn addition to the studies and investigations as mentioned in para
(a) hereinvefore, previous investigations performed with visually
sorted glued laminated timber girders have been evaluated. Up to

a depth of 800 mm the characteristic value is not decressing. Only
at a depth of 992 mm the cheracteristic value will be diminished

by 6 %. The mean velue of the modulus of elasticity is not decreas-
ing over the girder depth.

Schine /21/ has accomplished investigations into the influence of
the girder depth on the flexural strength of glued leminated timber
beams. Ags a result of the tests using beams without key~dovetall
connection, the power function which ig teken as a basls in the
Swiss Code SIA 164 was being verified as a tendency.

However, with key-dovetail connections existing in the test zone
no influence can be determined. Tn the case of such girvcders, the
strength of the key-dovetail connection is of a decisive gignifi-
cence Tor the meximum carrying capacity (bending strength) of the
beam. The mean bending failure strength is only slightly learger
than the mean value of the tensile strength of the key-dovetaill
connection which is statistically covered by & great number of
tests /21/. From the point of view of the actual production with
average board lengths of about 2 m, the application of a depth-
dependent factors seems to be unjustified /21/.

Flexural strength of glued laminated timber subject to the moisture
of timber:

The influence of the moisture on the flexural strength should be
studied for e timber moisture of ma 2= 15 %. The tests have been
cerried out by using mechenically sorted "I 3"-type glued lami-
nated timber with key~dovetall coanections in the test zone (cross
section: h = 192 mm; b = 97 mm).
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The investigations and tests covered the influence forw &K 15 %,

W = 18 % endwz = 24 %. The timber moisture ofeu 218 % has been
achieved by storing the glued laminated timber girders in the hu-~
mid room. A typical moisture distribution is illustrated in Fig-
ure~72 . It can be seen that after 146 days of storage with e cli-
mate of T = 20° C. end f: 95 % only the voundary zones are Coll-
taining the required timber moisture of u = 24 %. As for the itimber
moisture of both 18 % and 24 %, 12 bveams each have been tested.

However, in the heart the timber moisture is about 18 %. Pigure
illustrates that up to a timber moisture ofws <€ 18 % no decrease
of the characteristic strengths is occurring. Only withar 224 %,
the strength is being reduced by 7 %.

The mean velues of the modulus of elasticity in bending are de-
creasing with an increasing timber moisture (see Pigure 75,

2.3.4. Characteristic Strengths

Table 72 shows the characteristic strengths as well as the meen
moduli of elasticity and shear moduli G for visually and mechani-
cally sorted structural timber and glued laminated timber., The
values are largely corresponding to the strength grades of the
Burocode 5.

2.3.5. Factor for Considering the ibbisture Content end ¥the Load
Action Period

The factor being appiied to take the moisture content and the load
action period into consideration corresponds to the value included
in the Buroccde 5 /5/ (see Table 73).

2+3.6. Factor for Considering the Action of Aggressive iiedla

Studies and investigations carried out in the GDR concerning the
influence of aggressive media have demonstrated that many chemical
agents and substances are exercising a strength-reducing influence
end action only in the boundary zone of the timber cross sections
(see also /24/). Timber structures are being used in the chemical
industry end in agriculture due to their high resistance to che=
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mical attacks.

It is recommended to take the action of aggressive substances on
timber into consideration by applying a specigl factor. Baid
factor is being explained in /25/.

It is being indicated subject to 3 stress degrees and the cross-
sectional size. The stress degrees are resuvlting from the classi~
fication or integration of available medis (gases, solutions and
solids) into ranges of aggressiveness,

With gases and solids, the moisture grade nust be taken into conw
sideration when performing the above-mentioned classification (see
Tables 7Ya h37qjl).
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Timber has & distinct creep bhehaviour which must be considered with
the calculation of the downward deflections. The magnitude of creep
is mainly dependent on the kind of timber, the type of loading,

the degree of loading snd the envircommental influences.

4n evaliuation of the creep teste and investigations from the pu-
blications and of our own test findings resulted in preparing
initizl proposals es to coefficients of creep of beams subjected
to bending (see Table 75). The differences as compared with the
Burccode aré insignificent, In the future code, the values of the
Burocode will be taken as a basis.

2e5., Calculation and Dlmen81on1ngﬁ§De81g32
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2.5.7. Individuesl Structural Components

The calculation and dimensioning (design) of individual components
is largely corresponding to the proper chapter of the Furocode 5
/5/. Since no specifications concerning bisxial bending are in-
cilucded in the Burocode 5 and the CIB Code /4/, this pert will be
dealt with asnew taking into account the applicable TGL 33 135/01

stendard specificetion of the GDR.

(a) tension in the direction of grain, see Figure 7Y¢
(b) tension rectangulerly to the direction of grain, see Fizure 7Y
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(¢) compression in the direction of grain, see Figure 75 .
(i) compression at an angle to the direction of grain, see Figure 75
(e) bending, vniaxial, see Pigure 76
(f) bending, biaxial, see Figure 7€
- + . r
() shear / solid timber girder, see Figure T2
(h) shear / glued laminated timber girder, sece Figure‘7éz
(1) combined stresses, see Figure -78§
(4) compressed members, see PFlgure /79@7 ’f?é}, T =

Since hitherto the creep influence of the timber has been leflt

out of considersation in the stsebllity check calculation for com-
pression members (see Figure7Ja), special fests and investigations
vere carried out &t the Wismar College of Technology end a pro-
posal for the calculation of compression members was elaborated.

The procedure {(approach) comprises the stress calculation accord-
ing to %the second-order theory at the pre-deformed member with an
increase in buckling due to flexural creep for a period of 50
years (see Figure Z0 ).

Different stebility checks have been compared with one another by
plotting the stresses from the characteristic standerd velues of
the loads (5%@/K-subject to the coefiicient of slenderness Ja (gee
Pigure 27 ).

Resulis:

- Curve 1 comprises the W-approach according to the GDR Code
6L 33 135/01 /19/

-~ Curve 2 comprises the second-order theory according to the
Burocode 5 /5/ or Figure 79« , respectively

- Curve 3 comprises the second-order theory according to the
SNiP Code /16/

~ Curve 4 comprises the second-order theory considering the creep
influence according to the Wismar College of Technology /14/.

The investigations are being accomplished for savm structural
timber of the quality grade II or the strength grade C 5, re-
spectively. The ratio of loading selected concerning the perma-
nent load to the total load is 85 %. The mean load factor g%hQ
for this is 1.145. For the sawvn siructural timber, the related
eccentricity of !’: 0.006 and the meterisl factor of K; = 1.4

ain
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have been selected.
Por the load action period grade “long", the modification fector

When looking at the developments as plotted in Figure 27 4 one
will see that above A = 100 the curves according to the Euro-
code (curve 2) and according to the SHiP Code (curve 3) are clmost
coinciding with the W-approach (curve 1}.

Below ﬁ,: 100, the curves 2 and 3 are more considerably deviating
or shifting towards the top which thus meang that they are com-
prising a higher loadbearing capacity (stress acceptence) then

the ) -approach according to curve 1.

Due to teking the creep influence into consideration, above jlx 30
the curve 4 is located below the W-approach curve 1 and 1s conse-
gquently comprising & lower loadbearing capacity.

' As compared with all other approaches, the design method with the
creep influence (curve 4) is the most real onej however, it in-
volves an increased material consumpiion as compared with The -

approach (curve 1).

Since no Ffailure cases have transpired from the constructlon prac-
tice in connection with the application of the )-approach over
longexr periods of time, the exact method (curve 4) is being dis-
pensed with and the stability check according to the Iurocode 5
{curve 2) is being accepted.

2.5.,2. Composite Structural Components
" Figore 22 to 28)

Glued thin-webbed girders and stiffened sheets (plates) are being
dealt with separately in Part 3 of the Draft Code.

Composite (i.e. built-up) compression members with a T, T or box

section as well as frame end lattice members are being calculated
and dimensioned according to the CIB Code /4/, pp. 55-65, taking

into consideration the TGL 33 135/01 Code, pp. 14-18. ‘

Tn the case of composite components with mechanical connecting
neans {(fasteners), the calculation of the effective moment of
inertia Ief is being accomplished according te the CIB Code /47
p. 57, whereas the proper modulus of displacement (translation) XK
is being calculated according to the Burocode 5 /5/, p. 77 (see
TFigure 23 ).



The calculation of bracings and plane fremes according to the
Eurocode 5 /5/ is being prepared for the practical utilization.
With resard to "bracings", see the Figure 25 .

>

2.5.3. Connections

The check calculation of connecting means (fasteners) according
to the Zurocode 5 is being improved teking into account the TGL

33 135/01 Code.

Pigures 29 to 37 comprises an indication of the check for nails.
Bolts, dowels, wood saews, hexagonal bolis, special dowels etc.
are being dealt with analocously (see Tigure 32 7o 3¢€).

3. Sumary

o sun up, it can be stated that the calculation and design of
strcutures made of struchtural timber and glued laminated timber
ere being accomplished to a great extent according to the Zuro-
code 5 teking into account the national particularities as lnclu-
ded in the TGL 33 135/01 Code. With a view to Tacilitating the
practical application of the check conditions and specifications,
the formulae and fectors extracted from the Hurocode 5 must svill
be handled end prepaered to render them favoureble for the appli-

catlion,
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Compression in the direction of grain
(without buckling risk)

<
csé,o,d - fo;o,d

Compression at an angle to the direction of grain

o, < . :
- K= 90% 6e,90,a = ¥o,90 * £o,90,a

- &= at random:

P - R
Oo,ot,a = Te,0,da = Feyo,a = To,90,q) SR

-~ deformation:

Meanings:

Kc 90 factor taking into account the influence of the
! “amount of loading 1 on the strength, acc. to /5/,
table 5.1.5.

K, 90 deformation coefficient acc., to /5/, (5.1.5. ¢ and d4)
4

Figure 75 Caleulation of individual components, compression



Bending
<2
- uniaxia}. Cﬁ;,d = Kinst ' fm,d
- 4 1 . .5 '
biaxial: Cz%,d,y + esﬁ,d,z = Kinst fm,d
l
| |
| ~ |0
\*_,/
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.
Y
1z
Meanings:

Kinst factor taking into account the influence of the
lateral deflection (tilting) on the loadbearing

. capaCity, acc. to /5/’ (5.1.60 ¢ to e)

1 $ilting slenderness degree acc. o /5/, (5.1.6. b and f)
m

Figure 763 Galculation of individusal components; bending



Shear due to transverse force

~ for solid timber girders $£d glued laminated timber glrders
with a volume of V 2 0.1 m?

&,
Ty & By fyq

- for glued laminated timber girders with V > 0.1 m3:
0. T K c Koy tKy vtk febenct
a Ky Boq,v * Bate,v " ™1 3 v,d
leanings:
KV factor taking into account the influence of the
ctpess concentration due to disengaging (notching)
on the & trength, acc. to /5/, (5.1.7.1 ¢ to e)
de v factor takin% into account the size of the stressed
’ volume V on the strength, acc. to /5/, (5.1.7.2 ¢)

KdiS v factor taking into account the influence of the
’ transverse force distribution on the strength,

acc. to /5/, (5.1.7.2 d)

K1 factor taking into account the influence of the
%irder leneth 1 on the strength, acc. to /5/,
5.1.7e2 b

Shear due to torsion

- - 0
cr;or,d = 1.2 fv,d

Figure ’T?% Caloulation of individusl components; shear



Girder with a variable depth

1'
1 | 5
! i i

- tension at the angle o to the direction of grain:

« £

& g x
m, ck,d t,00 m,d

- compression at the angle o to the direction of grain:

efﬁ,oc,d = Koo T, a
Keanings:
kt o conversion factor in the case of a rectangular
* cross section, acc. to /5/, (5.1.9 &)

k conversion factor in the case of a rectangular

© 0 cross section , acc. to /5/, (5.1.9 D)

Tension and bending

G,0,a +5m,d <

ft,o,d fm,d

1

Compression snd bending
(without buckling risk)

65;,0,6 + Cym,d

C,0,4 fm,d

= 1

Shear due to torsion end transverse force

(;Q_)g + ‘l:-tor,d = 1

’ v,d

Pigure 78 : Calculation of individuel components;
combined stresses



Stability check calculation S REERLES

1 | Eﬁuo,d 1 E&ld. <,
» + » T—’-— =
X, . fc,o,d Kﬁ

c

Meanings:
K, buckling coefficient acc. to /5/, (5.1.10 g)
K, buckling coefficient acc. to /5/, (5.1.10 d)

. Explanation concerning X,, K

Kc and Km are belng calculated only for the strength class C 5!

In compliance with and by means of /5/, tables A 2.1 & and
A 2.3 D it results as follows:

N
T = 24 —— B
myk mm o,k 340
Cy0,4k
£ = 21,5 iy
C,0,k *2 mm ' Q = 0,006

The following applies to the limit slenderness RG‘

2
(lr . Eo,k

Cjéu,k = rc,o,k = A2

ok
thus resulting therefrom: 'ﬂG- = QT/' gt 57.9 ~ 58.
C,y0,k

The following applies to the slenderness

2 E
Cjéu,k = qT, 0K \
: l;_

Sou A )° °
oo (&) - (3

K 600 2 6/CO
Km=1_K§;.__f_.l_Ld;_m1“KcG-5ﬂg—) "'"T—""Lg_.'

C,O,d C’O’

Figure 77a: caloulation of individuel components;
compressed members



buc:/([a'ng lengéh Lerit = Bt Page :24
static (stabilily) system B static C(stabilily ) system | B
mi I
/ ' ﬁw]"m
// ~ IR -
— '2 ,:" 7 t‘?‘l%z
Sase o
o
+
<t
o
g T Z> N_,fj | ]
L L L ¥ ! LY '
4 1 ~ o
[ - N
4l l L | 4 ] ( 4 3 - "3
OO RAVAN ¥
i i 3 I
for (o = [u N
p L L .
1 ] é’]z 3
Mo Ny ‘ 3
| S
] Q
i ' + Tnner ﬂame corner
0 ~lateraly supported lcrit = (u,lo
S = not (laterally supported
Leetel
AV LA
._g;.
} - )
(uc07L:] 08 or
lu =03l 1 015 <h = 051

Figure 196+ Caleulation of individual components |
buckling Length coeflicients B ac. to /13/



Compression

<
6::,o,d = Ko o1° z )

- Compression with bending

6/c:,,o,d . + 6/m,él

¢, °* Cy0,4d m,d

T
—_

leanings:

Ko, 1 compression factor acc. to /27 (5.1.7 b-c¢)

i

Figure 79<, Ccaloulation of individual components; columms



Stability check celculation:

L . . N 'S.'
(_ T+m 'ZCIi'b_ K'f)) 7 fc,o,d
Nd
mo'r
& b
Meanings:
m amount of eccentricity mo=mo + M : 5
m, . random eccentricity m, = Os1 + K;”
K, factor, K, = 140 for structural timber of the strength
class ¢ 5 with a rectangular oxr .square Oross section
M moment increaéing the random eccentricity
M=XN9*aga
' Oeu,a * *
chi‘b, enlargement factor ’Zcrit = 'Zcri’c I\T’
’ d
'ITZ- Eo d
Cjéu,d Buler's stress Gjéu,d = .RE_ 2

’ . A
X long-term factor X = K ngu,d
4 y 7Y Ng,a

N pemanent compressive force (stress)

G,d

r heart (core) dimension
Bk | Xmog,1

T

Figure 20 3 Method for the design of compressed members
being exposed to a buckling risk by adopting

the second-order theory with creep influence
gcc. to / 13 /

Eo,d design value Eo,d =



% ) FKk « moisture class

F/'gure, 24 (Com
ca/cﬁaﬁons

s Conditions : Nd  sawn structural timber
of the quality class (6K)T
FK 1 and 2 *) Ao Sfrengrfh( class C5,
<0 LK : Long **) respecively N
\ G S
N
* ﬁ.&_—. = 0,85 N
\ \ Gk + Gk feox™ M5 2
\ A\ ., = 1,145
\\ \ \ - Eox = 7310 ~pmI
% i
\
Y -4
\\\ \"\\' ?<§ Kmod,’? = QB
)\ -
\ \«\ n = 0,006
\\ }i \ /@ w - appraachb 5
NK « admissible &Gd i
WS e
Y\ /@ second - order theory acc.
A to Eurocode
\ \:T/ %{ N {c,?d- Ke
' 6,6
\\ \°:t\ /@ Second - order theory acc
YO\ to SnP ( UssR Code)
\ oL Nk . {’c,o,d -r
\ \\ A I a
‘\ \ Second - order theor
_ with creep influence
\ \ / Nk . {'c,o,o/ —
% _ A Yae (Mem -0 k}a-)
NN
\_\\
\\
\ﬁ&
0 50 A00 450 200 250 A ( 0

*%) [l = load action pen’ad class

arison of dr'f{'erznf Séab/'if'f/ check



Saddle roof girdex Page 28

— Voo A
-

Bending: Eahd_é £0,4

mension perpendicular to the grain:

< [ ]
G%,90,a = Fvor * Fats * Tt,90,4
Meanings: : .
Kyol volume fecbr acc. to /5/, (5.1.11 g)
K3is distribution factor acc. to /5/, (5.1.11 h and 1)

CT%; CT% 90 stresses acc. to /5/, (5.1.11 e end )
’ .

Arched girder

| tangen t pofnZL

. < .
Bending: Gsﬁ,in,d = Kr fm,d

Tension perpendiculsr to the grain:

< »
65,9o,d = Kyop ¢ Fais © T4,90,4

Meanings:

K. factor of curvature acc. to /5/, (5.1.12 b and e)
Koot volume factor acc. to /5/, §5.1.12 1)

Kagg - aistribution factor acc. to /5/, (5.1.12 § and k)

5 )
Esm’in'd.’) stresses aco. o /5/, (5.1.12 & and h)
t,9o,d )

Figure 22 s GCalculation of individual components;
asddle roof girder end arched girder



S I B S =5

type 1 f/vpe 2 f;y{mz 2 i}«/oe 3
bw rbwz 7bw bw
] /Af l /’AF //y l
¥
| /%F//YV/"EH D VaAr AN <]
] \I;\G N \ \ \

N '3 2 N 3 N *
< NEANY YR ! N <= YT =
A\ A ez 2 N
| 7z |

Aw F > AL
P 2
?ref = ‘}o + ‘(T( c}tot - ‘}0)
_ Heanings:
i}ef effective moment of inertia about the Y-axis
f}o sum of the inherent moments of inertia
?Irtot - to0tal moment of inertia
1
efficiency factor =
1 + =)
,12 * K

flange cross-sectional area
modulus of elasticity

effective span
spacing of the timber fagteners pushed into one row

modulus of displacement acc. to /5/, page T7

Figure 2% : Calculation of built-up (composite) components;

ocross sections with mechanical timber fasteners



Bending:

In this cohnection, :

~ the check calculation conditions acc. to Pigure 7€, and
~ the cross section values acc. to Filgure 2.3

are applicable.

Meanings:

6’m,(i'&.

m,d

design value of the stress
For cross sections of the types 1 fo 3 acc. to / %/,
For type 1: Gm,d = [GW,ul‘t,dl = —?——ef ¢ h’t

By

M
d
For types 2 and 3: €Z;’d ='[<i&,ult,dl = ﬂ?;; N

design value of the strength

£ ‘ .

m,d a«’M

characteristic value of the strength acc. to /5/,
table A 2.1 & :

modification factor acc. %o /5/, table 3.1.3.
material factor ecc. to /5/, table 2.3.3.

Figure 2¥ : Calculation of built-up components; bending



Maximum shear

In this connection,

. - the check calculation conditions acc. fto Figure 7?@ and
~ the crosg section values acc. to Figure 23

are applicable.

Meanings:
‘Té design value of the stress
For type 1 cross section:
o G vy bf
L, = maxl, = =
d d > t}
) ef

For type 2 cross section:

o~ v (n, + bp) 4
Ty = maxly = o (25“- e —— +'§Awhw)

For type 3 cross sectlon:

S’ef (‘J" Ap + % Awhw)

acec., to / %/ (71.14 - 16)

T, - neaT

Figure 25: Calculation of built-up components; shear



type’7= 2 x—E fype 2: 3x g”' Page 32

R T
b AR S
!
A
-3
SO h}a‘ha
] £
o/ 7
4 7/ i
)/A ‘y A
< 7
. Fq = I1crit,d
lMeanings:
Fa design value of the tatal compressive load at the
spread compressed member
Fcrit a design value of the buckling load of the spread
?
compressed membex
T )
- crit, kK :
Fc::':’L‘l:,ci , a'- ‘ Kmod,1
M
Fcrit,K characteristic buckling load
Ferit,x = Ko © fo,o,k .+ Biot
K, buckling coefficient acc. to /5/, (5.1.10 g) for
ef
7Lef effective degree of slenderness acc. %o / %/ (72,3)

Figure 26 : Cslculation of built-up components;
spread compressed members



-2><"_'2_ Bx—éﬂ
—- - —- e - —
i ] N "1
= b
f N S

o - —— [ ——— o
1a4] fad
177 1
[ o4

The shear breces must be checked for the following shear
forces T according to
Figure -76 and Figure TF

- type 1: Td =‘To,d
ype Td 5 Tc;\,d
Meanings:
Td a design value of the shear force
,n
r oo - Vg ¢ 1
o)
’ &,
Vd design velue of the transverse force
v vK ’ Kmod,1

d o

i
characterigtic value of the transverse force
acc. to / %/ (T72.5)

Pigure 2?:
Caleulation of built-up components; spread compressed
members '

Vx



O Sl -0 —+ —-— —0O

D ‘U P N *.jgjo é -
| /
v

rn truss
ne*N
q =
i Kb,r,c Kb,r,m

Meanings:
q distributed lateral load per unit of length due

to stabilization; )

it is scting in addition to the external loads

(e.g. wind)
Kb,r,c acc. to /5/, (5.2.5 b)
‘Kb,r,m acc, 0 /5/, (5.2.6 g)

'Figure228£ Calculation of built-up components;
stiffening braces :



For each nsil:

<, .
¥ = R for connections of timber with
< .
F = T1.25 R for connections of sheet
la,d layd  Sfeel with timber
Meanings: ~ _
Fl a design value of the loading perpendicular to the
&y nail axis ‘
Rl 4 design value of the loadbearing capacity perpendi-
& culer to the nail axis
) 1 ' R '
_ i la,K
Bla,d ° oL “"‘““"“X» -+ Knod,1
1 M
Xﬁﬂ material factor acc. to /17/
1, depth of penetration .
min li minimum depth of penetration
- for round nails: min 1, = 6 d
- for grooved and threaded nails: min 1, = 4 4
Ko0q.1 modification factor scc. to /5/, teble 3.1.3.
]
Rl K characteristic loadbearing capacity perpendicular
8y to the nail axés
Big,x =% ° d
d nail diameter
K,p paremeters acc. to /5/, (5.3.2. b and ¢)

Figure 29: Calculation of timber fasteners; nails



| Nails being stressed in the direction of their shank

AN

\‘I\

//

B ENMIARN g\\%x\\’\\‘\?

blﬂ

g $

R

A

For each neil: F

ax,d ax,d

Meanings:

F design velue of the loading in the direction of

ax,d shank

Rax a design value .of the loadbearing capacity in the
? direction of shank
Rax,d = Rax,K for round nails.
Round nails must not be subjected to a long-term
loading!
R = “Egégﬁ_ K, for nails being not
ex,d 1 od,1 round, grooved and
threaded nails.
R characteristic loadbearing capacity in the direction

ax,K of shank

4

. _6. 20 . - —60 2 2
Rop,x = 18 10 02 . g n+300-107°-§%.a

for round nails;
otherwise acc. to /5/, (5.3.3. asC)

? characteristic bulk density (5 %-quantile), g /m°

Figure 30 : Calculation of timber fasteners; nails



Combined stressing

ff

For round nalls:

N
—

F B
ax,d la,d
¥ la,d

ax,d

For grooved and threaded nails:

F 2 F 2
ax,d ) + la,d < 1
Rex,a R1g,4

Pigure 37 : Cealculation of timber fasteners; nails



d
$u |
Kmod,‘l

Figure 32

| | N
ey T
l | =
] ﬁ l:?q*:l ;k.-v
| % | i
— ¢ =g
. <
For each wood screw: Ela,d = Rla,d
Meanings:
P g design value of the loading perpendicular to the
’ wood screw axis -
Rl a design value of the loadbearing capacity perpen-~
&y dicular to the wood screw axis ,
1 R
1 la,k
R o"“"“"‘"""""""cl(l_n
la,d 08,1
’ m:‘Lnl.l &V[ ’
Rl K characteristic loadbearing capacity perpendicular
Sy to the wood screw axis
- acc. to /5/ (5.3.7. a,b) for connections of
timber with timbex
- gcc. to /5/ (5.3.7. 4) for connections of sheet
) gsteel to timber
l1 depth of penetration
min 11 minimum depth of penetration; min 11 = 4 d1

external thresd diameter of the wood screw
material factor acc. to /17/

modification factor acc. to /5/, table 3.1.3.

. Calculation of timber fasteners; wood screws



Stressing in parallel with the flat connector (dowel)

tightening screw

i ¥ ;
/ i |i ] !
L S N ER— . _
[ ﬂ‘-l T | l
' ) I ————
i .3
\, {4
A
For each flat conmector: ' Fd‘ € Rd
Meanings: _
Fa design value of the loading in parallel with the
flat connector ‘
R4 design value of the loadbearing capacity in parallel
with the flat connector
R _ Jeso ty o B (1)
Cy0,d = o Kyod,1 U100
i
R = ..m 1 b (2)
V,0,4 = ¢ « Kpoa, o 1 o P
M
R characteristic compression strength of the timber

€y0,K acc. to /17/

Ry o.% characteristic shear strength of the timber acc,
199 to /17/ ‘
depth of penetration of the conneoctor; t1 = 15 mm

11 fore-timber length; 11 = 8 t1
8—1\([ material factor scc. to /5/

Ko od. 1 modification factor acc. to /5/, table 3.1.3.
]

Figure 33 3 Calculation of timber fastemers; flat connectors



Bolts (studs) and cornectors (dowels) being stressed perpen-
dicularly to their axis

(continued)

9 characteristic bulk demsity (5 %-qusntile), kg/m’
timber thicknesses, mm
bolt (stud) dlameter, mm

factors teking into account the influence of the

K . )
K°°’1 ’ )} angle as between force and direction of timber
ol,2 ) grain
oy o2 Kgo cos“ol + sin® ol
Ko = 0.32 + 10 + a~1+>
Sﬁﬁ material factor acc. to /17/
Kmod y modification factor acc. to /5/, table 3.1.3.
. _

(b) Connections of sheet steel with timber

Lateral steel butt straps:

R is to be calculated with t1 = t2 = +timber thickness

K
Central steel butt strap}

is %o be calculated acc. to /5/ (5.3.5. d-f), (5.3.5. 1)
to be multiplied by 1.4

Ry

Figure 3% : Celculation of timber fasteners;
‘ ' bolts (studs) end connectors (dowels)



Wood screws being stressed in the direction of their shank

For each wood screw:

) R

ax,d ax,d

Meenings:

design value of the loading in the direction of

}I'\
ax,d shank

R design value of the loadbearing capacity in the

ax,d direction of shank

R
- ax,Kk
ax,d = xb * Kmod,1
i

% characteristic loadbearing capacity in the direc-
8Xy tion of shank

oeg = 105+ 060 YPg Qe - @

effective length of thread (within the timber com-

R

R

ef ponent to be attached)
d screw shank diameter, mm

S characteristic bulk density (5 %-quahtile), kg/m’
8%M material factor acc. to /17/

’Kmod 1 modification factor acc. to /5/, table 3e143
H

Figure 35 : Celculation of timber fasteners; wood screws



Bolts (studs) and comnectors (dowels) being stressed perpen-
dicularly to their axis

(a) Connections of timber with timber

i
=
X X
[t
L
1 T
] |
|
L
RS

,;rt”’, tz | taida] ta
| T7
For each bolt and/or comnector: Fq E Rq
Meanings:
B design valué of the loading perpendicular to the

d bolt (stud) axis

design value of the loadbearing capacity perpendi-

R
d cular to the bolt (stud) axis

Ry

Sanorm———

R = . I{Tﬂ.
d 0d,1
fu ’

characteristic loadbearing capaciby perpendicular
X to the bolt (stud) axis acc. to /6/, (5.3.5. b-f)

For single-shear timber fasteners:

bolt-bearing property (pressure):
£, = 0.075 Sy ()

b,K

connector-bearing property (pressure):

£, g = 0.09 91{ (1Pa)

~ (to be cont'd.)



Speclal connectors being stressed perpendicularly to their axis

ffghtenin_g screw

X * X ,
: !
—————— i~
—_— T
g |

e I ™ ™l S
!

X X X

a2 a4 a -~ a3 !,

For each special donnector: Fd.‘é Rd

in connection with structural requilirements concerning the

amount of A,d,a1,a2

min
Meanings: :
Fay design value of the loading perpendicular to the
axis of the speclal connector
Rg design value of the loadbearing capacity perpendi-
cular to the axis of the specilal connector :
R
= K
By = ¢ Kmod, 1
M
RK characteristic loadbearing capacity perpendicular
to the axis of the special connector, acc. to /5/

3&M material factor acc., to /17/

Kmod " modification factor acc, to /5/, table 3,1,
4

mipt minimum cross section of the timber components
A1 to be connected, acc. to /15/
d tightening screw diameter acc. to /15/

84 3 8o spacings of the special connecltors acc. to /15/

Figure 3§ : Calculation of timber fasteners; special
commectors (lay-in connectors, bolted connectors)
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Table 2 : GDR Standard Specifications related fto the
new GDR Timber Design Code which must be re~
vised within the next years

GDR Stan-~ Draft Comple~ Objective

dard Spe~ dated Title tion of of the

cificetion (year) the plan~ | revision
(TGL) J ned revi-
sion(year)
Timber constr- Approach to
uction; Build- the inter-
ing components n ational

33136/01 1987 |of glued lami- 1992 trend in the

nated timber; testing of
Technical spe- finger Joints
cifications and beams
Timber constr- Approach
uction; Bulilde to the in~
ing components _ Eernational
of glued lami- rend

33136/02 1978 | fated timbers 1993

Quality control

in the produc-

tion

Bridges in Desgign
traffic con- based on
gtruction; Limit

42704 1986 |Timber bridges; 1985 states

Calculation and

structural de~

sign

Structural Establish~

timber; Sorting ment of a
117-0767 1963 |by quality 1992 wide con-

grades and formity

strength classes with the

ECE Code




Table 5 : Load factors acc. to /6/

Kind of load Load factors

Dead load 0.8 vv0 0.9 2) 1.1 ... 1.3
0.82 ... 0.9352) 1,065 ... 1.18

Live loads in residential T2 oea 1.4
and public/community 3) '
builldings and structures

Live loads in industrial 1.2 40a 1.4
and agriculfural build-B)
ings and structures

Loads of liquids in 140 vee 1.1
pipings

Y\‘V.j..r.]..d 1oads 3) 1.2 'R 103
Snow loads : 1.4

1) They apply only to the limit state of the loadbearing
capacity (GZT); as for the limit state of the usabili-
ty (G2ZN), g§?= 1.0 ig applicable if no particular
gpecifications are fixed.

2) To be applied &f the reduction of the loading should
have an unfavourable effect.,

3) Additionel values are indicated in /6/.
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Table &£ : Combination factor acec., to /6/

e e -

Load combination Number of the short-term
loads

1 1.0

Basic combinationT) 2 or 3 0.9

> 3 0.8

Speci%% combina~ > 1 0.8

t_lon

1) maximun load, without instantaneous load

2) maximum load, including instantaneous load



Table & : Comparison of the partial safety values
© for actions as applicable in the GDR and
acc, to Burocode 5 /5/

“““““““““““““““ r"““—"—"“""‘"“"‘““‘"““““““""wr——""‘—'""*““——'““—““——"
Permanent Partisl safety values in | Partial safety va-
sotions 'a~ the GDR by relisbility lues in the Buro~

G classes acc, to /6/ _ code 5 acc. to /5/
I I gIT IV v ) )

- smallest :

erfect 1.0 (1.0 1.0 {1.0 | 1.0 1.0 1.0
-~ unfavourable

effect >1.20[1.18 1,10/ 1,05} 1.0 1.35 1.2
Variable
actions m
- one with its

characteris—

tic value >1.5411.4% 1.401.331.1.26 1.5 1.35

-~ one with its ‘ N
accompanying

value 1.5 1.35

+) normal partial safety values

++) reduced partial safety wvalues 1)

1) For single-storey structures with a medium span and
only occasional utilization. This corresponds to the
reliability class V in the GDR.
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Table 73: MNodification factor [ , as to
H
‘ "long~term behaviour" for the limit
state of the loadbearing capacity (GZT)

. Molsture clasgs (FK)
T4me class FK 1 + FX 2 FK 3
RH BSH BH BSH
A 0.85 | 0.8 0.65 | 0.4
B 1.0 1.0 0.75 0.5
C 1.2 1.2 0.9 0.6
D 1.3 1.3 1.0 0,65

4%y it P s et et M M Y e S St et pang, e e A A e R e e s S

BH = structural timber
BSH = glued laminated timbexr

For air temperatures of 35°C £ 1 = 50°¢ and moisture
class FX 1, X"d 4 shall be multiplled by 0.85,
, \




Pable 7Y%: Nodification factor XE 4 88 o aggressive
media’ for the GZT end GZN limit states
for structural timber (BH) and glued lami-
nated timber (BSH)

The kinds of the media are grouped into gases, solutions
and solids., By considering the critexia as to concentration
of the medium concerned and the moisture class, the stress
degrees (BG) I, II, III are obtained:

Stre?§G§egree Explanation
BG I Kot or slightly aggressive
BG II loderately aggressive
BG ITII Highly aggressive

Table 7Yf: uodification Ffactors de s for aggressive
3
media subject to the tlmber cross-sectionall

Note: Minimum dimension of the timber component with stress
degrees BG II and BG IIT: 40 mm o
Minimum cross—sectional area: 4,000 mm

Approved timbexr preservatives do not exercise any
aggressive influence (action) on the timber. The
value of the modification factor is equal to

Xa’4 = 1 when using efficient linings or coatings.

Cross-sectional size
Stress degree Factor

(BG) (10° m?) {a,4

BG I | 1.0

< 30 0.85

2 30 | 0.95

BG III < 9 0,65

< 30 0.75

230 0.85




for gases

stress degrees

ity and

1Vl

Ranges of aggress

Ranges of aggressivity for gases

Tabl e‘7Vé:
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FConcentrau Degree [Stress
Group Solution pH-value | tion of the | of dis-|degree
solution gocla=-
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Acids nitric acid {below 2 |up to 5 high 11T
I-INO3 above 5 I1T
hydrochloric u% to 5 high 11T
acid HCL above 5 IIT
sulphuric up to 5 mediuwm | T
acid H2804 above 5 ir /
above 15 ITX
acetic acid 4 sbove 15 low I
C,H,0
27472
Bases soda lye ug to 2 high iT
NaOH above 2 11T
potash lye above 13 |up to 2 high 1T
KOH ‘ above 2 II1
ammonium hy- up to 5 low I
droxide NH4OH above 5 Iz
Salt so- | chloride so- up to 10 medivm | I
lutions lutions: 7 above 10 1T
KCl, NaCl
sulphate so=-
lutions: up to 10 medium I
Na2804 (Glau~ above 10 II
bert's salt)
(NH4)2SO4
( ammonium 5 up to 40 1
sulphate)
(Organic | urea
compound) | €O (NH,), 2 up to 40 II




Table 7¥%€ Stress degrees for sgolid medils

Ho e e o
@ d - ! B
8y

Il &0

I TEERN

1] et opd H 1

il B H [ HoH A
m &

§ 0w

! ~

T S Eas]

-Ppsehd | H [ HoOH
n

4

nolt -
03

i oo Lol & ol o
TR XTEE Q 4] o o B
it b0 &2 O E o o Q
[ER="ge] ap &) &0 ~
o o

|l%

I

TR ~ o~ —~
PN Row W B
TR £2 o T o
H SO SO o0
[T O et O ~— <t
n 22 +>

o oo do <= O
n o~ G+ O+ 4 O O
1 Ol Q ¢ 2 0 O
“m &0 &) ~ &) uh
If

1l Q

g

i oo

a; :'> w (o ™y b~y
i

o

Il jahl

1]

i

I

it

Ih

il

it o 0]
il 4] 42
i ~ ¢ o
i i 23948
I g o fisd Hg
il -+ S 0

o o M mgm
il

] = K} g
i ~ mg'g
n n &
TS a3 o Q A O
i — 2 O 2 g

Il o o] ] 3 o

o wm Ay = v 0 :

4



2anIsiow JOU/f

2ol =

PITNE DL

W
3

bt

o1 %0r 5 200 ¢ioc z Yoy b2
) Movq peap SOM zUT 12m 002 SI GIum geciun busm uzum sanddv < D
nn_u.v.um o ; E . K
Gt o~ .
at L2GLT PEoLLTy Zemrh 02 528000 )
IE28 I “ m R R
LS5 irszZi gx :
H _N ¥ : p : LR Fo R B
i i ; ’ PR Dy N R | (T2
_ " | c°E G sivEs gy ) £ e
: _ ~ P o~ m v m : P ' Lires - H..Cﬁuu. %
w m | | TSSO wiey - wrpaw £
! i H ! ! oano oL | 4
M : m ; : Kb :
i ! ! _ LB b Lo B “\:. - fm
m ; : QoW L T vuer) g i
q.nﬁ.\ym..m roi ﬁ_ ; w ‘ LT - ZACUS
(EVYL (59 ) ,. : (HDPIE L 3
) o.vv ¢ orv ¢’z i z 0T i T wuz - zsops 5
4 i : S zs [eFILH woor o0
Avp L w2z - 2s0U8 %
fadd) Pt P I EhN.\U
— p— -— ? 7 I NWNM N\
S 5T % - - |-} wwg ¢ Wi2) - 740ys
_ _ _ -~ —| — | o258 > 22:517d wi L
!
& T v £ z F £ T L (pouao) Eurpoo) “opN
2wy Je pury
2p070I77 OF SSTJ0 2N7IsIoLu SeT)T  2aniSrow

0 $SUV)T 2403810
(:96v) josodeid Yoo

/02 20 Sg6 &

N\UQUQ.&JM

t861 § 2podcingy

d2210y sorovf oz gp 29971



*Ieok © sioom owos I0I ATUO popesoxe BUTeq ST onysp (1

8L = 08 < € ve < 66< € M
8L 2 08 54399 2 ¥2 03 i< | S6 54 508 2
gt 5 59 » L 8l g 08 > L A8

| ; (0,2 T 02 = T)

to 8po ©
(%) ™ (%) & Zommg 01 (%) ™ (%) & (i)
1UBLTLOD (1L £L21pTumy *00B SSBTO IoqWTL L9 TpTUMY SEBTO

8INngsTON ITe SATIRBRTSY SINASTON | JO ©INGSTON | ITe SAT1BRIOY INISTON

G spoooany YT uosTaedwoo UL (Lg6L Jo Tesodoxd) seossBTO oInisTow ¢ vy eandty




Industrial Code Specification December,
1989
Timber Construction QT
GDR Loadbearing Structures
Calculation Structural Design 33 135/04 E89
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fications, design requirements, durability, particular
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Building materials
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Limit state of the usabllity
(Deflections, vibrations)

Calculation and design .
(Individual components, built-up components, fasteners)

Execution and supervision
(General assembly, transport and erection)
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s{ructural timber Page 70
100 % (340 specimens)
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——

- T
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variant 2
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24,3% Tay v HEx
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F:'gure 7: Compres.sion strength of sawn coniferous Limber
n para!/e[ with the grain
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/-"r'ﬁure 8a: Bulk density of sawn coniferous tLimber ( stuctural timber)
sorted visually by qualily classes (Gic)
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Figure 8b6: Bulk density of sawn coniferous Limber
(slructural limber) socled mechanically
by strength classes (F)
Specimens Mismar, “198Y
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bending strength
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Tension in the direction of grain

<
85,0,a = Ti,0,4

Meanings:
Cyf,o,d design value of the stress
ff 0.4 design value of the strength
| R
f L ]
2 g0 = —a0ik Bmodyl 4 - 4 4o 4
Tu
where

fr 0. characteristic value of the strength acc. to /5/,
v table A 2.4

Kmod 5 modification factor acc. to /5/, table 3.1.3.
b ]
3&1 material factor acc. to /5/, table 2.3.3.2.

Tension perpendicular to the direction of grain

<
8,00,a = HKvor * Kais * T4,90,4
Meanings:
K _factor taking into account the influence of the size

_YOl of the stressed volume V on the strength, acc. to

/5/’ (5-1030b)

factof taking into account the influence of the
stress distrivution on the stremgth, acc. to /5/,

(5.1.3.0)

Kdis

Figure‘?% . Calculation of individual components; tension



CIB -W1BA / 22.102-2

INTERNATIONAL COUNCIL FOR BUILDING RESEARCH STUDIES AND DOCUMENTATION

WORKING COMMISSION W18A - TIMBER STRUCTURES

TIMBER STRENGTH PARAMETERS FOR THE NEW USSR DESIGN CODE
AND ITS COMPARISON WITH INTERNATIONAL CODE

by

Y Y Slavik, N D Denesh and E B Ryumina
Central Research Institute of Building Structures Moscow
USSR

MEETING TWENTY - TWO
BERLIN
GERMAN DEMOCRATIC REPUBLIC

SEPTEMBER 1989



S
the accepted specification of international code, particularly
in the document ISO TEK/165 DIS 8972 "Solid timber-structural
grouping".

For this purpose the timber tests databank of the CRIWT
(Central Research Institute of Mechanlcal Treatment of wood of
the USSR Forest Product Ministry) was used. The databank con-
tained tests data for bending, tension and compression of more
than 12 thousand specimen of timber of different quality. For
tested specimens the timber from 9 forest regions were used,

Generalized probabilistic models of lumber strength distri-
bution were defined by computer analysis of the tests data.
These models were fit to normal distribution functions. On this
basis the following probsbilistic parameters of short-term
strength in MPa were determined for different stressed state ty-

pes (R - mean valuey S, - standard deviation): ) S
bending on the edge 33,63 11,83
bending on the flat 43,97 12,69
tension 21,9 8,99
compression | 26,3 6,98

In order to create an advisable specification of structural
timber by strength classes, the probabilistic method of measur—
ing control of strength was used, which considered the error of
measurement. The standard error 5\ was calculated as the ratio
of error of evaluation of strength parameter R by control pa=-

rameter Z (Sgy ) to the standard deviation of strength para-

meter (S, )s

J- Sﬁz/SR - (1)
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Calculations based on the probabilistic model
gave the following values of an

Characteristic strength in MPa

-y oy =m}

Standard

compression

t
tbending on the | tension
strength ' ' according to

1edge according laccording to
t

'

:
class 1o H ' E ‘

1 1 ¥

according to} our ! i our ! 150 ] our ! IS0
IS0 TK/165 E model i 50 i modsl ‘E i model i
T-%8 49 - 25 24 29 50
T-30 40 - 19 19 24 24
T-24 33 - 15 15 21 19
T-19 27 - 11 12 18 15
T-15 22 - 748 942 15 15

.

It 1s seen from the table, that the strength values of timber
in this specification are close enough to each other and that the
specification of DIS 8972 ISO TEK/165 may be taken as a basis for
sultable specificatlon for a USSR code. 7

Numerous tests of glued laminated timber in bending showed,
that according to its strength it may be related to strength class=-
es T-30 and T-38 depending on the perfection of the manufacture
technology.

Existing statistical data on timber strength distributions
allow to base the value of partial coefficient }'pm,

Since the wvalue of this coeficient expresses transition from
the lower S5-percentile value to the lower 0,5 percentile value,
the determining factors here are: the probability density function
of strength and the value of coefficient of variation of strength
Vg e

Practice shows, that the Gauss distribution at high levels of



5.
rellability leads to acceptance of unsubstantlated excessive re-
serve of strength since the left tall of this distribution stre-
ches to -~ oo, Numerous verifications of the tesy data of timber
of different quality showed that the strength distribution may
most accurately be described by lognormal function. According to
this function 3””, can be determined using the following expre-

Un = exp(Ba- ) vk, (2)

where F’R and ﬁr" - safety indexes at reliability 0,995 an_d

ssions

0,95 (2,58 and 1,65) respectively.

Thus, for the determination of 31" it was necessary to de-
fine the values of 12Q.

Statistical analysis of timber tests data showed, that 1)k
depended on the type stressed state, on the method of grading and
the strength class. For average values of 'V} at machine stress
grading one may take: in bending -~ 0,2, tension - 0,25, compres-
sion - 0,12. At visual assessment for higher strength classes
(T-24 and higher) - 0,25, 0,30 and 0,15, respectively; for lower
strength classes (I-19 and lower) ~ 0,3, 0,35 and 0,15 respective-

ly. For glued laminated members the values of ’U} are, respectivew
With account for these values of W;k the magnitudes of 31ﬂ

will be as follows:

Method of Strength Values aﬁw
grading class bending tension compression
1 2 3 4 2
Machine
stress

grading any 1,2 1,26 1,12

-———nm——um——m——--p-———“umm-——-—mm————nm—m"



1 2 3 A 2
T-24 and higher 1,26 1,52 44
Visual T-19 snd lower 1,32 1,38 »15
T-%0 and T-38
for glued la-
minated men-
bers 1,15 1,20 1,10

The calibration of modification factor 311 we carried out
with a second moment structural reliability approach, which uses
neans and variances of loads or stress in structure () and load-
carrying capacity or strength (R).

If the random values R and Q are described with a lognormal

function of distribution, probabillity of faultless service of
structure is evaluated by ggfety index f?:

B=ln(RG ) yee oy . (3
where R, Q - mean values of R and Q respectively;

Ur and Vg =~ coefficients of variation for strength and
load parameters, lower than 0,35

If the distribution function of R and. S aré unknown, the
safety index }3 is considered ag formal measure of risk and can
be used only for evaluation in comparative analysis.

On the basis of this method the modification function 3@1
was determined in order-to take into account combined effect of
the temperature-humidity conditions of service of structure and
real loads. (4 defined from (4 ) ensures the given level of re-
liability of iniform structural members in different climate

classes,

a/)d ) ( é'/éo J @Xp[ﬁo (-Vq):_;o + 'v‘a_z:-’j/:lféf-f— ’lja;jl , (4)
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where ;20,’§k0 - mean value and coefficient of variation of
timber strength parameter at a temperature
_ of 20°C and moisture 1é%;
;zqujk; - mean values and coefficient of wvariation of
timber strength parameter in any climate classs
fgo ~ given safety index.
For calculations statistical data of temperature, moisture
of timber in structure and load (snow and permenent) changes as

well as their combinations in different climate zones of USSR
were studied. The dependence of strength on temperature and mois—

ture for solid timber members (60x120 mm) of different quality
were determined experimentally.

At the first stage of research this allowed to determine
“the values of (12 for the roof structure of non-heated buildings

where the maximum of sbow load coincides with lowered temperature
of wood (approximately 0°C), resulting in an increase of its

strength. For this service conditions a value of 1,1-1,2 is re-

commended for 611 depending on the type of stressed state of

structure.

The suitability of the use of the second moment approéch for
practical calculations of Ja was confirmed by comparison of the
results to those determined by Monte~Karlo statistical simulati-
on method. The results of calculations by these two methods gave
close valaes for Ek.

In our subsequent research we intend to extend the problem
of determination of 5; involving long~term strength changes by
probabilistic methods.
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INTRODUCTION

The Norweglan timber design code "NS 3470 Timber structures
Design rules" was published in 1973 as a limit state design
method. After minor revisions in 1976 and 1979, a committee
has been working for four years with a new edition that
will be published this year.

The basic documents used in this work are, in addition to
the old Norwegian code, CIB Structural Timber Design Code
(CIB-report, publication 66, 1983) and Eurocode No 5: Common
unified rules for timber structures.

CHARACTERISTIC VALUES FOR TIMBER

There are given values for 5 grades of timber, according to
the Norwegian grading rules "NS 3080 Quality specifications
for solid timber for structural use" (2. edition 1988).
Characteristic strength and stiffness values are given in
Table 1 for short-term loads and moisture class 1:

T12 T18 T24 T30 T40
bending fmk 12.0 18.0 24.0 30.0 40.0
tension _
- par. to grain fiok 7.0 11.0 14.5 18.0 25.0
~ perp. to grain fteok 0.3 4 0.4 0.4 0.4
compression
- par. to grain fcox 13.0 17.0 21.5 27.¢ 32.0
- pPerp. to grain feaonk 6.0 7.0 7.0 7.0 7.0
shear fvk 2.0 2.8 2.8 2.8 2.8
calculation of stability (5 %)
modulus of N
- elasticity E0k 5000 6250 7500 8750 10000
- shear Gk 310 380 470 550 620
calculation of deformations (50 %)
modulus of
- elasticity, par. Ep 7000 8700 11000 12300 13500
- elasticity, perp. Eso 230 290 370 410 450
- shear G 440 540 6390 770 840

Table 1. Characteristic strenght and stiffness.




MODIFICATION FACTOR FOR DURATION OF LOAD AND MOISTURE CONTENT

The load~duration classes are defined in Table 2:

Load-duration class Order of duration

A. Long-term T > 6 months
B. Medium=~term 1 week < T < 6 months
C. Short-term T < 1 week

Table 2. Load-duration classes.

The moisture classes are defined in Table 3:

Moisture class Relative humidity | Average quilibr,
moisture content

2. 0.65 < RH < 0.80 | 0.12 < £ < 0.18
3, RH > 0.80 f > 0.18

Takle 3. Moisture classes.

Characteristic strength and stiffness values are given in
Table 1 for short-term loads and moisture class 1. For
other leoad-duration classes or combinations thereof, and
other climate classes, the strength values are nultiplied by
the modification factor kr given in Table 4:

Mcdification factor Kkr

Im, fto, feco, ftag
fv, fc90, Epk
Load~duration Moisture c¢lass
class
1 - 2 3 T - 2 3
F:y 0.80 0.65 0.55 0.45
B 0.90 0.70 0.70 0.55
C 1.00 0.80 0.85 0.70

Table 4. Modification factor for strength values, Kkr.

For deformation calculations the modification factor ke is
given in Table 5. It is important to notice that the
deformation based on the characteristic stiffness is
multiplied by the factor Xer.



Modification factor ker
for deformations calculated
by Eo, Esoc, G
Load-duration Molsture class
class
1 Z 3
A 1.50 1.80 3.00
B 1.20 1.30 2.00
C 1.00 1.10 1.50

Table 5. Modificatlon factor for deformations, Xcr .

If a load combination consists of actions belonging to
different load-duration classes, the deformation should be
calculated separately for the different actions with the
appropriate creep factors.

GLUED LAMINATED MEMBERS

For design of glulam members the tables 1, 2, 3, 4 and 5
apply. In addition the characteristic values should be
multiplied by the lamination factor kiam given in Table 6.

Strength class T12 T18 124 T30 T40
of lamella

fm, feo, fco 1.4 1.3 1.2
ftso, fcao 1.0

fv 1.2

Eok, Eo, G 1.2

Table 6. Lamination factor, klam.

LOAD SHEARING FACTOR

If four or more similar structural elements act together to
support a common load, the values for the characteristic
strength can be multiplied by the load shearing factor k.



The load shearing factor can be calculated from the
following:

n>4d Kit = 1 + 0.06-V-ﬂ
Kif <1 + 0.6V
n>=e6 kn:=1+o.o7-vp
ki< 1+ 0.7
Where 4
1In + (EI)f
/3=
lr a -« (EI}n
n = Number of similar and parallel main elements
v = Coefficient of variation for the strength of the main
elements (0.15 for graded timber, 0.10 for glulam)
ln = Span of the main elements ‘
1t = Span of the load shearing elements (= the distance
between the main elements)
a = The distance between the load shearing elements

(EI)n = Stiffness of the main elements
(EI)r = stiffness of the load shearing elements

For steel parts kr = 1.0 should be used.

PARTIAL COEFFICIENTS FOR MATERIALS AND ACTIONS.

For the ultimate limit state the material partial
coefficients consist of two factors. The product will be
from 1.1 up to 1.32 depending on the type of structure,
material, quality control, consequence of failure etc.

The action partial coefficients are taken from another
Norwegian code "NS 3479 Design loads for structures®. For
the ultimate limit state, the coefficient is 1.2 for
permanent actions (dead load) and 1.6 for variable actions
(snow loads etc.). The mean value for the action partial
coefficient will in Norway be in the order of 1.5,

For serviceability limit state both the material partial
coefficient and the action partial coefficients should
be 1.0,



DESIGN VALUES

The design values should be given as:

fx ke ks
fa = ———e. for solid timber
Y
fx* Kr- kit Klam
fa = for glulam.
m
Where J

f« = design strength

characteristic strength

modification factor for load duration and moisture
classes

load shearing factor

lamination factor for glulam

material partial coefficient

A=
iu

fa)
8
honon

DEPTH FACTOR

Bending strength is related to a depth of 200 mm and tension
strength to a width (i.e. greatest cross-section dimension)
of 200 mm. If depth or width respectively is h, the bending
strength or tension strength should be multiplied by kn:

200 0.2
kh =
h
For h > 198 mm and for glulam: kn = 1.0
For h < 98 mm: kn = 1.15

LATERAL INSTABILITY

In bending the design strength should be multiplied by a
lateral buckling factor kvip < 1.0 depending on the
slenderness ratio Am. For local timber A.m is determined

by:
0.065
Am = —~m~——'V1adz
b

lee = Effective length of the beam. For a number of support
conditions and load combinations le« is given in the
code.



kvipp i8 determined from:

kvipp = 1.0 for Am < 0.75
Kvipp = 1.56 = 0.75Am for 0.75 < Am < 1.40
Kvipp = ( )Lm)z for 1.40 S_A.m
COLUMNS

For columns the design compression strength should be
multiplied by a buckling faktor k) dependent on the
material parameters and the slenderness ratio. A table and
formulas for the buckling factor are given in the code.
Figure 1 shows the buckling curve compared to the curve
given in the CIB~-code:
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Figure 1. Buckling factor k) dependent on the slenderness
ratio A~ (T30).
Curve a) from the old norwegian code
" b) from the new norwegian code
" c¢) from the CIB-code



COMMENTS NS 3470 - CIB STRUCTURAL TIMBER DESIGN CODE

The new Norwegian timber design code is in principle
rather close to the CIB Report, publication 66, 1983. In the
following some of the differences will be discussed:

Strength classes and characteristic values

From our national experience we have chosen 5 strength
classes from annex 42 in the CIB-code. Some of our values
are higher, specially the modulus of elasticity. The shear
strength is according to our test results independent of the
strength class.

Load-duration classes

We have introduced 3 classes where the CIB-code defines 5
classes. 1In our climate the snow load is very important and
this load has a duration of up to 6 months. Our classes
correspond to the classes in Eurocode 5.

Moisture classes

Our classes are identical to the classes defined in the CIB~
code.

Modification factor for load-duration and meisture

We have chosen the same factors as Eurocode 5. The
arguments for this are described in the commentary to Euro-
code 5,

Glued laminated timber

Our code differs from the CIB-code. Instead of giving
special values for glulam members, we use the basic values
for solid timber multiplied with a lamination factor.

Load shearing factor

The formulas are based on a Norwegian theoretical work. The
result is a load shearing factor between 1.0 and 1.1. 1In
our old code we had a factor 1.2 which was adoptet from a
previous British Standard.

Partial coefficient for material
For the ultimate limit state the coefficient is prescribed

by the relevant public authority, as stated in the CIB-code.

Depth factor
The CIB~code has not introduced a depth factor. We have

used the same factor as given in Eurocode 5. This factor
corresponds well to Norwegian test results.

Lateral instability
The method is the same as described in the CIB-code. Sone

simplifications have been done in some of the formulas.

Columns
Figure 1 shows the buckling curves. It can be geen that the
CiB-code gives larger strength reduction for slenderness

ratios less than approximately 60. Our curve is taken from
Eurocode 5.
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