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1 SYSTEM MODELING OF TIMBER STRUCTURES

1.1 INTRODUCTION

In the last few decades there have been intenesBarch concerning reliability of timber structures
This is primarily because there is an increaseddan society on sustainability and environmental
aspects. Modern timber as a building material $® dleing competitive compared to concrete and
steel. However, reliability models applied to timlbeere always related to individual components but
not the systems. As any real structure is a comgyskem, system behaviour must be of a particular
interest. In the chapter 1 of this document aerngew of stochastic models for strength and load
parameters is given. System models (series andlgdprare discussed and methods for reliability
calculation are given. Special attention is drawporu brittle/ductile modelling of timber and
connections. In chapter 2 robustness requiremerngiemented in codes are presented. State of the art
definitions (deterministic, probabilistic and riddased approaches) of the robustness are given.
Chapter 3 deals more detailed with the robustneSmber structures.

1.2 STOCHASTIC MODELSFOR STRENGTH AND LOADS PARAMETERS
121 STOCHASTIC MODEL FOR STRENGTH

During evolution trees have specialized in resistimeir natural environment. As a result they have
special material properties like significant vaiii@yy anisotropy and interaction between moisture
content and duration of a load to mechanical progger

Timber is an orthotropic material consisting of dghi strength” fibers (grains) oriented along the
longitudinal axis of a timber log and packed togethvithin a “low strength” matrix. Material
properties depend upon the orientation of the moraais to the fiber direction. Irregularities in
regard to grain direction, knots and fissures @egilve for the load bearing capacity of a struatur
timber [1].

The reference properties of structural timber are:

the bending strengtty, sin [MPa]

bending modulus of elasticityog, sin [MPa], both measured on short-term standardsgscimens
timber densityggensin [kg/m3]

Relation reference properties — other propertielefsed in table 1.

Table 1. Relation to other properties and refergmoperties [1]

Property Expected Value€[ X] Coefficient of variatio€COV/[ X
Tension strength par. to t
grain, I, o E[R,|=06E R] COV[ R,]=1.2 cOV R]
Tension strength perp. to t
grain, I, o E[ Reo | =0.0156P,,] COV[ Ry |=25COVP,,]
MOE - tension par. to the grai
MOE E[ MOE,, | = H MOE, | COV[ MOE, |= CO MOE]
MOE - tension perp. to the grai

. E| MO -
MOE, £[MOE,, | = [ Em% COV[ MOE,, | = COM MOE]
Compression strength par. to -
grain, T, o E[R,o] =5 E[ Fﬂo“‘s COV[ Iﬂ= 0.8 CO\{ Iﬂ
Compresion strength per. to tt
grain, I g, E[ R |=0.008 [P, COV|[ Ry |= COV[P,,]

Shear modulusmog, : E[MOG,] = E['V'O'in%; COV[MOG] = CO\| MOE]




Shear strengthr, : E[R]=0.2H RJO'B cov[R]=coy R]

Typical ultimate limit state equation should benfied according to [1]. The ultimate limit state
equation for a cross section subjected to combieeding and tension parallel to grain is given as:

S 2Swm
g (X) 21|+ |[X
ZgaRo zZgm Ry

m=0

wherez, o andz;  are design variableR oandR,, resistances (tension strength and bending moment
capacity),ZS“ and Zsmyi are the sum of load effects (axial forces and bendioments) anily
i i

model uncertainty.
Typical serviceability limit state equation [1] cka expressed as:

g(t) = 5L _WA(ZS,EO,mean’t) |:XM =0

whered, is allowable deflection Iimit,\NA(ZSEO‘mean,t) is the deflection in timé, dependant on

load effects ZSY and modulus of elastiCityEf mea-

In tables 2 and 3 [1], distribution functions f@ference properties and other material properties a
given respectively. Correlation coefficient matisxgiven in table 4.

Table 2. Probabilistic variables for reference ertips

Distribution cov
Bending strengtiR = R.s Lognormal 0.25
Bending MOEMOE, = MOE,, , Lognormal 0.13

Density P, =P, . Normal 01




Table 3. Probabilistic variables and distributiondtions for other material properties

Property Distribution Function
Tension strength par. to the gram,: Lognormal

Tension strength perp. to the graR: 2-p Weibull

MOE - tension par. to the graiMOE Lognormal

MOE - tension perp. to the graiMOE, ,: Lognormal
Compression strength par. to the gramy,,: Lognormal
Compression strength per. to the graRy, - Normal

Shear modulusMOG,;: Lognormal

Shear strengthR : Lognormal

Table 4. Correlation coefficient matrix
MOE, P Ro R %0 MOE, MOE, R, R s MOG, R

r, 0.8 0.6 0.8 0.4 0.6 0.6 0.8 0.6 0.4 0.4
MOE, 0.6 0.6 0.4 0.8 0.4 0.6 0.4 0.6 0.4
P 0.4 0.4 0.6 0.6 0.8 0.8 0.6 0.6
R, 0.2 0.8 0.2 0.5 0.4 0.4 0.6

R o0 0.4 0.4 0.2 0.4 0.4 0.6
MOE, , 0.4 0.4 0.4 0.6 0.4
MOE, 4, 0.6 0.2 0.6 0.6
R.o 0.6 0.4 0.4
R.0 0.4 0.4
MOG, 0.6

The reference properties in situ (bending momepaciy, bending MOE and density in situ) can be
estimated as follows [1]:

rmyaza(EX) rm

__Mog,,
MO%ha = 14 5(Ex)



qdenaz Qden,s

where reference properties in situ have index(Ex) is a strength modification function (dependent
upon loads, humidity and temperature) aiffx) is a stiffness modification function. Both siee
functions are, in general, defined for a particidat of exposures [1]. Tables 5 and 6 represent
strength modification function and stiffness mazhfion function table.

Table 5. Strength modification function table

Permanen Long term Medium term Short termr

s¢ (t>10years) (0.5<t<1Cyears) (0.25<t< 6 month) (t <1 week) Instantaneous

12 a=0.6 a =0.70 a =0.80 a=0.9 a=11

3 a =05 a =0.55 a =0.65 a =07 a =09

Table 6. Stiffness modification function table

sc Permanent Long term Medium term Short term Instantaneous
(t >10years) (0.5<t < 1C years) (0.25<t < 6 month) (t <1 week)

1 0=0.6 0=05 0=0.25 0=0.0 0=0.0

2 0=0.38 0=05 0=0.25 0=0.0 0=0.0

3 0=20 0=15 0=0.75 0=03 0=0.0

Model uncertainties

The model uncertainties account for random effeegletted in models and mathematical
simplifications. Model uncertainties can be suldid into:

1) load calculations models
2) load effect calculation models
3) local stiffness and resistance models

In order to calculate the response of the strectuwith random actionsX;, X,,...,X, (variables)
model functionf is used:

Y = f(Xy, Xy X,)

As the model function is not complete and exacthsoresponse cannot be predicted with erroY. If
is the real response than variaKlgaccounts for the uncertainties:

Y'= £ (Xy, Xp0e Xy X))

There are other ways of introducing the model wagsiies into calculation [2], but to avoid
dependencies of statistical properties of theehodcertainties upon response is given in:

%
XM :7

Table 7. Model uncertaintieX,,

mear  st.dev Distribution

Component Long term 1 0.05-0.10 Lognormal




Spatial variability
Material properties vary randomly in space: the sttengione point of a structure is not the same as
the strength in another point of the same structure dhanone. Koehler et all [1] propose a bending

moment capacity approach where the bending strefgthat a particular poing in the component

of a structure/batch is given as:

i = eXp(V Tt X )

whereV is the unknown logarithm of the mean strength of aitiges in all components (see figure
1), @, is the difference between the logarithm of the meangtineof the sections within a component
i andv, @, is normal distributed with mean value equal to zerostaddard deviatiow,,, X; is
the difference between the strength weak secfian the beam and the value’ + @, . y; is normal
distributed with mean value equal to zero and standaviitd®n o,. @, and y; are statistically
independent.

AIn(bending strength)

In(r;)

longitudinal direction
of the beam

Figure 1. Section model for the longitudinal variation of bendirrgrsgth.

Size effect

The dimensions of the beam affect the strength, sinece théigher probability of having a weaker
section in a longer beam (or generally with any increafs€ross section). When the strength
parameter is Weibull distributed the probability of failbexzomes:

-b
_(L)uk
a

where a is the scale factor, b location factor kastlape factor.

Generally it can be shown that the following reaship will apply between two volumasif the
location factor is set to zero:

K
9 _[(M
g \V,

whereo; ando, are the stresses causing failures for voluiendV,.

Design codes (Eurocode 5) use, however, the ddmhimber beam as a parameter to account for a
size effect. For the beams smaller in size thanmB0size effect is calculated as (it must be nttad
maximal value of a size fact&g=1,3:



0,2
kh = (1_50]
h

122 STOCHASTIC MODEL FOR LOAD PARAMETERS
Loads (actions) can be classified with respedinte t/ariations as:

Permanent loadsvhose variation in time is small and slow (selfweigoil pressure etc) or the loads
that have a limiting value (prestressing, shrinkageep etc).

Variable actionswhose variations in time and space are frequahtarge

Exceptional actionsyhose magnitude can be considerable but with glmlvability of occurrence

Selfweight and volume

The weight density is assumed to have Gaussiaribdison. Indicative values are given in following
table.
Table 8. Expected value and coefficient of variatib timber strength [kN/f

E[X] COV
Spurce, Fir (Pice. 4.4 0.1C
Pine (Pinus 5.1 0.1C
Larch (Larix 6.6 0.1C
Beech (Fagu: 6.8 0.1C
Oak (Quercus 6.5 0.10

If weight density is unknown, the mean value &N8m?® and standard deviation of 0.5 kN/oan be
assumed.

Volume of element (cross section dimensions) issSiam distributed. Standard deviations of cross
sections are given in table 9.

Table 9. Cross section dimensions

E[X] Standard dev.
Sawn beam or str 1.0540r 2 mir
Laminated beal 3norr 1mmr

Snow load

Snow load codes presented in Eurocodel [25] asshaiethe snow load on the roof, if all other

conditions are kept constant, is proportional #® show load on the ground. A stochastic model of
snow load is based on meteorological data. Usiegatinual maximum values, probabilistic analysis
allows defining characteristic values of the snoad, having a certain probability of being exceeded
in any year which is directly associated to a éertaean recurrence interval. National codes have
been based on different mean recurrence inter#dRI)(of 5, 20 or 50 years. In Eurocodes and

National annexes, the characteristic value is tl@vsload which has a probability of only 0,02 of

being exceeded within any one year. This correspamd MRI of 50 years.

Based on this, snow lodgl,con roof is determined as:
Qi =5, [C

where§, refers to snow on ground aitlis the roof snow load shape factor. It is assuthatlsnow

on ground is Gumbel distributed and the shape rf&cis assumed Gumbel distributed with expected
valueuc = 1 and standard deviatieg = 0.35 [26]. As a snow load on the groufyds usually given as

a characteristic value corresponding to a 98% geantan annual maximum distribution, following
equations are given in order to calculate meanevalfi COV for ground snow load is assumed to be
Vqg than the expected valugs can be determined from the Gumbel cumulative itigtion function
Fo) as:



Fog(Qge) =exp-expt-a(Qy. — )
0577216 e Toq
= _ = V,, =—
Moo =Py T ™ Yo T,

Wind load
The annual maximum wind load on a structure can be determined from

Q, =CIP

w,max

whereP,, max is the annual maximum wind pressure (Gumbel distributed @@=0.25) andC is a
shape factor (modelled as Gumbel distributed with expectedyal= 1 and standard deviatieg =
0.215) [26].

1.3 SYSTEM MODELS

A mechanical system is defined as a combination of individeahehts that are synthesized to
perform a dedicated mechanical function [14]. Any mechanicatisystay be assigned to one of the
following three categories: series systems, parallelesys or combination of series and parallel
system (also referred as hybrid systems) (figure 23ehies systems failure of any element leads to
the failure of the system. Parallel systems are thoseragsh which the combined failure of each and
every element of the system results in the failure of yetem [14]. If a system does not satisfy these
strict definitions of “series” or “parallel” systms, the system is classified as a hybrid system mode.

e WP o PN S S S I

Fig. 1. Series system,

Fig. 2. Parallel system.

Fig. 3. Hybnd system,

Figure 2. Different systems

131 SERIESMODELS

We consider a structural system where the system iglabiodel is a series system of failure
elements. Each of the failure elements is modelled witlfietysaargin:



M, =g(X) , 22...m
The probability of failure of a single element can be writtgn

P, =P(M; <0) =P(g,(X) < 0)=P(g,(T(L))<0)
= P(f -a/U<0)=0(-4)

The probability failure of system is:

PS = P(U{Mi < O}J = P(U{gi (X) < O}J = F{Lmj{gi (T))< O}J

i=1 i=1 i=1

If all the failure functions are linearized at itheespectivef -points the FORM approximation of
probability of failure Py) of a series system can be written:

ps = F{U{— alUs<-8 }J

i=1

Figure 3. Example of series system

By DeMorgan law it can be written:

P=1- F{(m]{— o U> —,Bi}J =1- P(ﬁ{uiTU < —,&}J =1-®,.(B; p)

i=1 i=1

where @, is them-dimensional normal distribution function. Corrédat coefficientp; between two
linearized safety margins is given as:

o) =al L&

From previous equations formal or so-called geiwrdl series systems reliability ind@x can be
introduced as:

PP =1-®(B,p) = P(-°)
or.
B° =07 (P) =-0 (1, (B; p))

As @, is very computational costly to solve analyticalialyy numerically bounds methods are used
(simple bounds and parallel bounds).

Simple bounds
Simple bounds can be introduced as:



m}XP(Mi <0 <Ps <> (P(M, <0))

The lower bound corresponds to the exact valueysfem reliability if all the elements are fully
correlated. In the term of reliability indicesgtgan be written:

- ¢(Z ¢(—ﬁi)} << min 3

Ditlevesen bounds
Ditlevesen bounds are usually much tighter. Inténms of reliability indices it can be written:

P2 P(-4)+) max{w—m =S 0,880, ),0}

j=
(4= Y O(-5) ). maf®, (4.5, o)}
i=1 i=2

1.3.2 PARALEL MODELS

We consider a system shown in figure 4. In thigeaschanical system will not fail as soon as one of
structural elements fails. After failure of onembmnt, the load carrying capacity of a structure is
obtained after redistribution of load effects ie gtructure has taken place. Since this redistabuf
load effect has to take place it is very importandescribe/model the behaviour of failed elemétetra
the redistribution has taken place.

Figure 4. Parallel system

If we consider a parallel system wffailure elements as for the series models, tharptbbability of
failure of the parallel system is defined as thergection of the individual failure events:

p; = P(ﬁ{Mi < O}J = F{(m]{gi (X) < O}J

i=1 i=1

The FORM approximation of a parallel system camhien:

m, .
p, = P[ﬂ{ﬁﬂ o] W s0}] = A(-B',0)

i=1

where®n, »is them-dimensional normal distribution function apgdcorrelation coefficient.



From previous equation formal generalized paralfstems reliability3” can be introduced by:
P’ =@, (-B7:p) = @(-5")

In the terms of reliability indices it can be weitt

p° =0 (F}) =00, (-p7:p))

This is very computational costly and instead beuméthods are also used.

Simple bounds
The simple bounds can be introduced as:

Na
0< P <min(P(M? <0))
i=

where M, i =1,...,n, are the linearized safety margins at the jogifpoint. The upper bound
corresponds to the exact valueRf if all the n, elements are fully correlated wilp; = . 1

In the terms of reliability indiceg” :

n’rl]glx,BJ <ﬁp <o
_ i S s
i=1

If all correlation coefficientsp; between then, elements are higher than zero, the following sempl
bounds are obtained:

Na Ny
” P(M? <0) < Py <min P(M/’ <0)

where the lower bound corresponds to uncorrelatedhents (o, = Q , i#j. In terms of

[’ previous equation can be formulated:
Na Na

max 3’ < B° < —CD'l“_l CD(—,BH)}
1= —

Second order upper bounds
A second-order upper bound Bf’ can be derived as:

n
PF <min P(M? <0( M7 <0)

i,j=1

The corresponding lower bound g is:

B° = —¢‘{ﬁé{<¢z(-ﬁf ~B; . py )J



133 MODELLING OF DUCTILE/BRITTLE MATERIALS

As stated before it is very important for calcwatiof a parallel system reliability to describe the
behavior of the failed element after the failure keken place. For the series system this is mgt ve
significant because when one element fails theifaibf system is inevitable. In following figure

perfectly brittle and perfectly ductile elements ahown.

load

deflection
load
o failure |II
deflection

Figure 5. Brittle and ductile material behaviour

If we assume static loafl and a parallel system consistingrofindependently distributed element
strengthsX;, a constant modulus of elasticity and perfect bdped sharing among ideally brittle
elements [6]. If element strength is set in a desirgy order, the system strenggh can be calculated
as:

R, =ma(m-i+1 X}

The corresponding system probability of failure is
m

b, =P(R. <S)= F{ﬂ{(m—i +1)X, -S< o}J < mr?ln Pd(m-i+) X, -S<0})

i=1 =
For the arbitrary force-deformation curve, the edatfailure event for a given imposed deformation
is:

F(é)z{iﬂ(a)—SSO}

where S is uncertain load and R denotes the untest@ament (component) force at deformatton
System failure occurs if the maximum system resistds exceeded by the load:

Fo = Ma ia(é)—SSOJ:ﬂ@R@—SSOJ

o

LLLL LS f LS LSS
12 |3

Rl Rl Rs|  R,|™

Figure 6. Mechanical model [7]

In paper [7] numerical investigation concerning ghlet/serial systems and ideal ductile/brittle
elements is conducted. The components of the syst® designed for a reliability indgyx=2 as if

no system effect exists. The following figure, ihiah the system reliability index versus number of
elements is given, demonstrates the influence & thechanical behavior of the elements
(components) on system reliability. In this figiirean be seen that for a small number of eleniets



brittle system behaves much like the series sysfesmumber of elements is increased the reliability
of parallel system is increased significantly (arwb-versa for the series system).

ideal parallel system

f ideal ductile
A %
1 ~mediem ductile

70

& / /
Ay =
rd

50 /
. Y /‘T/ﬁk =20
A
|~ Tay™ls =0
20 L/ | brittie
,_-—"'_'-._.—-_.-._F._
rﬂ___,___f-—""’ ideal elostic -
20 ——r britlte
10 [
.-__'-—-_____-_-
| I ideal series system .
n
7 J 5 0 %5

Figure 7. System reliability vs. numbers of elements

Ductility/brittleness of components

Figure 8 represents an influence of ductility ore felements system. As ductility increases linearl
the reliability of the system increases much stedpgponentially), so a relatively little ductility
accounts for a considerable extra reliability.

Stochastic dependencies

Figure 9 represents system reliability vs. coriefabetween element strength. It can be easilycadti
that reliability is largest for ideal ductility andero correlation. As correlation increases so the
reliability decreases. For the medium correlatiennteen element strength brittle systems experience
decrease in reliability.

fsys  [GyTo9k-0

50! ideal parallel system ,
]

ideal ductite

20

ideal elastic-brittle
1?1 ideal series system

i ductility »
oo 025 050 075 10 125

Figure 8. System reliability vs. ductility



ys n=5,B =20, §,,=1
L0 +— —]«_ —————
I 1]
ideal ductile |
30— R Ba— t——
medium ductile
20— —+ ; Ba. —
\dﬂwgnme
_ideal series system

0 0.25 050 o7 10 *
Figure 9. System reliability vs. correlation of strength betém elements

Load and strength variability

For the load and strength variability ratio rangfingm 0 to 5 reliability of the system is calculdte
(figure 10). Much influence upon reliability is ithe range 0 to 2 where reliability decreases
exponentially. For the brittle systems this effiactot so pronounced as for ideal ductile elements
On the other hand if only element strength is vhffegure 11), one can notice a positive effecttosm
reliability of the system (for both ductile andtba systems). This, of course, should not impt tin
structural design high variability in strength etter than a small one.

P i s e e
R H“"‘*-q_.;_lt_je;ul elastic - brittle P
- TS
10 deal series system
g 0510 20 3¢ 40 50 G Wy

Figure 10.System reliability vs. ratio of load/strength véilay
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Figure 11.System reliability vs. element strength variability

In summary, if there is a moderate degree of dtytiluctile systems will provide significant extra
reliability only if elements are low correlated with no correlation at all and if the load variatyilis
not high. On the other hand, if there is a bribiaviour, there is a relatively little effect bktsystem
(especially for the small systems). There is eveamall negative effect for medium coefficients of

strength variation.



2 ROBUSTNESS OF STRUCTURES

2.1 INTRODUCTION

A progressive collapse of a building is definechasatastrophic partial or total failure that stérten
local damage, caused by a certain event, that barébsorbed by the structural system itself [T6g
“normal” or “usual” structural design usually prdes a certain amount of additional strength and
ductility that is available to withstand abnormaddls and progressive collapse. But, due to “stratt
revolution” (use of computers, high performanceenats and modern building systems) much of
the inherent strength was taken out [4, 10]. Psxive collapse is characterised by disproportion
between the magnitude of a triggering event andltieg in collapse of large part or the entire
structure [20].

Robustness of structures has been recognized esiralile property because of a several high system
failures, such as the Ronan Point Apartment Buijjdin1968, where the consequences were deemed
unacceptable relative to the initiating damage .[AHer the collapse of the World Trade Canter, the
robustness has obtained a renewed interest, plynmtause of the serious consequences related to
failure of the advanced types of structures. Ireotd mineralize the likehood of such dispropordion
structural failures many modern building codes aersthe need for robustness in structures and
provide strategies and methods to obtain robustiesact, in all modern building codes, one cardfi

a statement (in a slightly different form): “toéamage (or risk) resulting from an action shoultbe
greater than the initial damage caused by thigtti

2.2 ROBUSTNESSIN BUILDING CODES

The requirement of robustness exists in a two @ao documents: Eurocode EN 1990: Basis of
Structural Design [11] and EN 1991-1-7 EurocodePart 1-7 Accidental Actions [12]. The first
document provides principles, e.g. it is stated #hstructure shall be “designed in such a way ithat
will not be damaged by events like fire, explosijoimspact or consequences of human errors, to an
extent disproportionate to the original causedl$p states that potential damage shall be avdiged
avoiding, eliminating or reducing the hazards toiohthe structure can be subjected; selecting a
structural form which has low sensitivity to thezheds considered; selecting a structural form and
design that can survive adequately the accideaetabval of an individual member or a limited part of
the structure, or the occurrence of acceptabldifmrthdamage; avoiding as far as possible struictura
systems that can collapse without warning; tyirgstiuctural members together”.

The EN 1991-1-7 document provides strategies arttiods to obtain robustness, actions that should
be considered and different design situations:esjghing against identified accidental actions, 2nd
designing unidentified actions (where designindragialisproportionate collapse, or for robustness,
important). The methods used to design for robsstré a structure are divided into several levels
based on potential consequences of structuralréai{Consequence Class). CC1 represents low
consequence class with no special requirements, &€23tructures with medium consequences that
can be handled using simplified analysis, while C&&nds for high consequence class where a
reliability or risk analysis must be conducted [13pwever, there is no specific criteria which abul
be used to quantify the level of robustness ofriacire which could have a benefit for design and
analysis of structures.
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Figure 12.Design situations according to EN 1991-1-7

In the Probabilistic model code [2] robustness meient is also formulated as: “A structure shall n
be damaged by events like fire, explosions or apumsieces of human errors, deterioration effects, etc
to an extend disproportionate to the severenesheofriggering event”. In order to attain adequate
safety in relation with accidental loads, two bagrategies are proposed: non-structural ( (prevent
protection and mitigation) and structural measifnesking the structure strong enough to withstand
the loads limiting the amount of structural damagémiting the amount of structural damage).

According to Danish design rules robustness shall documented for all structures where
consequences of failure are serious. The requiresmegarding structural robustness could also be to
reduce the sensitivity of a structure with respiectunintentional loads and defects that are not
included in the codes and design requirements. &udbustness analysis framework is introduced
in the Danish Code of Practice for the Safety ofi@ures [16, 17].

2.3 DEFINITION OF A ROBUSTNESS

During the last decades there has been a signifeffort to quantify aspects of robustness. In[t#]
general definition of robustness is given: “ roless is the ability of a structure to withstandnése
like fire, explosion, impact or the consequencetiwhan error without being damaged to an extent
disproportionate to the original cause”. When nllow robustness, system effects are very
important, however building code criteria are pniyngelated to design of components. It must also be
noted that redundancy in systems is closely relaegbbustness. In principle redundant system are
believed to be more robust. Approaches to defibaistmess index can be divided with the respect of
the procedure used into:

1. Deterministic approach
2. Probabilistic approach
3. Risk based approach

231 DETERMINISTIC DEFINITION OF A ROBUSTNESS
Simply and practical definition is given in [28]h& reserve strength ratio (RSR) is defined as:

whereR, denotes characteristic value of the base shearcitgf the platform an& design load. If
we consider a limit state function:



g(X)=R-S

whereS is the base shear load aRds the base shear capacity and suppose that @deSloan be
expressed in term of a maximum annual value of vieeightH:

S=b-H°

whereb and¢J are determined by means of structural analysis. lithit state equation can be solved
so the relation between the probability of failarel RSR value can be obtained.

In order to measure the effect of full damage drléiss of functionality of structural membeon the
structural capacity the following equation is given

RIF = "o
RSI%tact

whereRIF denotes Residual Influence Factor (sometimesregfeas a Damaged Strength Ratio). The
RIF can vary between 0 and 1, where the lafgl¥ stand for a more robust structure. Value
RSR, .. IS constant for the same structure.

Simply defined measure of robustness is proposefR@h Rs denote stiffness based robustness
measure defined as:

R, = min detK,
1 detK,

where K; and K, are system stiffness matrix of the intact structangl stiffness matrix after the
removal a structural element or a connecjiorespectively. However, it seems that this robestn
measure is not sufficient in this form [20]. Samghars also proposed an energy based measure of
robustness and damage based measure of robugnesgy based measure is defined as:

=
R, =1-max—
! s,k

whereE;; is amount of energy released by the initial f&lof a structural elemefitand available
energy for the damage of the next structural elémewhile Esis the energy required for the failure
of the next structural element.

Damage based measure of robustness is defined as:

_ p
R, =1-—L
Piim

wherep is maximum extent of the damage caused by irdéahagd;,, andp;n is acceptable damage
progression [20].

2.3.2 PROBABILISTIC DEFINITION OF A ROBUSTNESS

In the early 90’s Frangopol and Curley [22] prombg®obabilistic indices to measure structural
redundancy index (RI):



Rl = Pt amg = Prsys
Pt (sys

where Pygmg) IS the probability of damage occurrence to theesysandPysy is the system failure
probability. Redundancy index as defined above iples/the residual strength of a damaged system.
They also considered the following redundancy facto

- A
IBR — int act

IBim act IBdamaged

wherefinaqtis the reliability index of the intact system gfigmagediS the reliability index of the damaged
system.

Lind [23] proposed a generic measure of system dantalerance, based on the increase in failure
probability resulting from the occurrence of damagee vulnerability ) of a system is defined as:

_P(ry,5)
P(r,,9)

whererqis the resistance of the damaged systgiis, the resistance of the undamaged systemSasd
the prospective loading on the system P( - ) iptbbability of failure of the system, as a funatiof
the load and resistance of the system. Vulnerglptrameter indicates the loss of system religbilit
due to damage.

As progressive collapse is characterised by digptmm between the magnitude of a triggering event
and resulting in collapse of large part or therensitructure [20], Ellingwood and Leyendecker [19]
defined the probability of such collapse as a clodipartial probabilities:

P(F) = P(F|DH) P(D|H) (P(H)

whereP(H) denotes the probability of an abnormal event tiwegatens the structure (generally hazard
H), P(F|DH)is the probability of local damag® as a result of eventl and P(D|H)is the
probability of failure F of the structure as a féesti local damagé® or H.

collapseesistance

element event
robustness behaviour control

P(F)=P(F[D n H)oP(DH) OP(H)
—
vulnerabilty hazard
Figure 13.Terms in context regarding progressive failure [20]

Term hazard refers to abnormal loads or load efl@ds Abnormal loads can be grouped as pressure
loads (e.g., explosions, detonations, tornado was$sures), impact (e.g., vehicular collision, raiitc

or missile impact, debris, swinging objects duriranstruction or demolition), deformation-related
(softening of steel in fire, foundation subsidena)as faulty practice. These loads usually aetr av
relatively short period of time in comparison witldimary design loads. The loads generally are time-
varying, but may be static or dynamic in their staual action [27].

Another approach to asses robustness is the rasssanalysis framework proposed and introduced
in the Danish Code of Practice for the Safety au&ures [16, 17]. It is based on progressive
collapse concept [19,20]. Robustness is relatedcemarios where exposures result in damage to



structural system. This means thatobust structure can be achieved by means @itdeichoices of
materials, general static layout and structural pasition, and by suitable design of key elements.
Robustness should be distinguished from accidemaalsl although some of the design procedures and
measures are similar; structures should be rolaggirdless of the likelihood of accidental loads. A
key element is defined as a limited part of thecétme, which has an essential importance for the
robustness of the structure such that any postililee of the key element implies a failure of the
entire structure or significant parts of it [4, 1&]]. Examples of unintentional loads and defects are
e.g. unforeseen load effects, geometrical impedesti settlements and deterioration, unintentional
deviations between the actual function of the stmecand the applied computational models and
between the executed project and the project naatdrine requirements to robustness of a structure
should be related to the consequences of a fadfirthe structure. Therefore documentation of
robustness is only required for structures in Hugfety class.

Robustness shall be assessed by preparation ofiei¢el review where at least one of the following
criteria shall be fulfilled:

a) by demonstrating that those parts of the strucassential for the safety only have little
sensitivity with respect to unintentional loads aedects

b) by demonstrating a load case with ‘removal of a kahipart of the structure’ in order to
document that an extensive failure of the structuile not occur if a limited part of the
structure fails

c) by demonstrating sufficient safety of key elementgh that the entire structure with one or
more key elements has the same reliability as atateiawhere robustness is documented by b

The design procedure to document sufficient rolesstican be summarized in the following steps:

1. Review of loads and possible failure modes/scenarodsdetermination of
acceptable collapse extent

2. Review of the structural systems and identificatbbkey elements

3. Evaluation of the sensitivity of essential partshaf structure to
unintentional loads and defects

4. Documentation of robustness by ‘failure of key ebathanalysis

5. Documentation of robustness by increasing the gtheof key elements
if Step 4 is not possible.

This framework where robustness is related to =mtensive failure of the structure due to
unintentional loads and defects subjected tiamited part of the structurean be formulated in a
probabilistic format [10, 17, 19]. Assume a strudtwtamageD; amongj different typesresulting
from a number of exposures, i.e. unintentional laads defects. If each of thesdistinct exposures is
represented by an evdgtthen the total probability of structural collapsih the consequende can
be written as:

P(C)=Y > P(C|E n D) [P(D,|E) [P(E))
i

where P(Dj|Ei) is the probability of damage typ@iven exposure typieand P(C|Ei n D,)is the
probability of collapse given exposure tyipend damage typge. For damages related to key elements
the probability of collapse B(C|Ei n D;)=1. From previous equation it is obvious that the
probability of collapse can be reduced (and rolasstitan be increased) by:

» Reducing one or more of the probabilities of expesuP(E;)



e Reducing one or more of the probabilities of damalaésj|Ei) or reducing the extent of the
damage
* Reducing one or more of the probabili'[ili;‘$C|Ei n D;)

Increasing the robustness at the design stagénwillany cases only increase the cost of the straictu
system marginally — the key point is often to usee@sonable combination of a suitable structural
system and materials with a ductile behaviour. threocases increased robustness will influence the
cost of the structural system. If more alternatigemcrease the robustness are considered, thendr
decision theoretical point of view, the optimaleattative is that which results in the smallest elgx:
total costs.

2.3.3 RISK BASED DEFINITION OF A ROBUSTNESS

Baker, Schubert and Faber [21] proposed their digfinof a robustness index. The approach divides
consequences into direct consequences associatbdlagal component damage (that might be
considered proportional to the initiating damagsj andirect consequences associated with subsequent
system failure (that might be considered dispropoal to the initiating damage) [13]. An index is
formulated by comparing the risk associated witreati and indirect consequences. The index of
robustnessl o) is defined as

[ b - IQDir
ro
RDir + Rlnd

whereRy, andRq arethe direct and indirect risks. The index takes @slbetween zero and one, with
larger values indicating larger robustness. Thishot for assessing robustness is based on a risk
assessment framework proposed by Joint Committéfroctural Safety. The assessment begins with
the consideration and modelling of exposuleX)(that can cause damage to the components of the
structural system. Term “exposures” refers on exéresalues of design loads, accidental loads and
deterioration processes but also includes humaorsein the design, execution and use of the
structure. Term “damage” refers to reduced perfoigaaor failure of individual components of the
structural system. After the exposure event ocdims,components of the structural system either

remain in an undamaged staﬁ)(as before or change to a damage s@je Each damage state can
then either lead to the failure of the structd¥edr no failure ¢ ).

EXgn
Figure 14.An event tree for robustness quantification [21]

As stated before, consequences are associateegadgthof the possible damage and failure scenarios,
and are classified as either dire€qf) indirect Ci.g). Direct consequences are considered to result
from damage states of individual component(s).rbai consequencesare incurred due to loss of
system functionality or failure and can be attréalito lack of robustness [21].

In paper [21] example systems are also considerestder to provide an insight regarding system
properties affecting robustness. The system camgisf one to ten components is examined (figure
19). Loads and resistances are modelled accordingpe PMC [2]. Individual components are
assumed to be lognormal distributed with a COV=0EXposures are defined as events which have



the ability to cause damage to the system. Thdaapfdad is assumed to be Weibull distributed. The
mean value of the load is chosen to equal oneyaridus levels of COV are considered. The mean
component resistance is selected so that each midrag a specified probability of damage, given the
distribution of applied loads [21]. The componests assumed to be either perfectly ductile otlérit
with random resistances and each carries an equiibmp of the applied load. When a component’s
resistance is exceeded, the additional load notechby that component is either redistributed dgua
to the other components (figure 19a) or not reithisted (figure 19b). Damage is considered to have
occurred when the load exceeds the resistance lebat one component. Failure occurs when the
resistance of all components is exceeded. Whenralahdoads causing the loss of one or more
components are considered, damage will represeriodis of a component due to either the abnormal
load or the applied load, and failure will indicaltet the remaining components are not able tatresi
the applied load.

‘Ir A

S/n S/n S/n S/n

Figure 15. (a) A parallel system with load redistributioneaiftomponent damage. (b) A parallel system
with no load redistribution after component damgjg

The results in the next figures illustrate the effigf varying coefficients of variation of the ldaad. In
figure 20, results are shown for ductile systemthai varying number of components, and in figure
21 the same result is shown for brittle systemshils paper it is proven that increasing the nunabe
components increases a system’s robustness. Thstnelss of brittle systems is very low (nearly
zero) in all cases. Increasing the correlation amsistances has the same effect as reducing the
number of components in the system. For systenfigime 21, the index of robustnedg.f) takes
values that are very near to 0. This implies thatrtsk to a system primarily comes from indiresks

due to system failure.
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Figure 16.ldeal ductile parallel system
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Figure 17.ldeal brittle parallel system

2.4 DESIGN PRINCIPLES FOR ROBUSTNESS

Because of many potential means by which a lodégse in a specific structure may propagate from
its initial extent to its final state, there is mmiversal approach for evaluating the potential for
progressive collapse [27].

For reduction of the risk of progressive collapsethie event of loss of structural element(s), the
following structural traits should be incorporatadhe design: (according to [27]):

Redundancy: incorporation of redundant load paths in theigalioad carrying system

Ties: using an integrated system of ties in three divestialong the principal lines of
structural framing (figure 22)

Ductility: structural members and member connections have amtam their strength
through large deformations (deflections and rotejoso the load redistribution(s) may take
place

Adequate shear strength: as shear is considered as a brittle failsteyctural elements in
vulnerable locations should be designed to witttstsimear load in excess of that associated
with the ultimate bending moment in the event sklof an element

Capacity for resisting load reversals: the primary structural elements (columns, girdeysf
beams, and lateral load resisting system) and secgrstructural elements (floor beams and
slabs) should be designed to resist reversalsaoh diirection at vulnerable locations

Connections (connection strength): connections should be designed in such way thaiilit
allow uniform and smooth load redistribution duriogal collapse

Key elements: exterior columns and walls should be capable ofisipg two or more stories
without bucking, columns should be designed to stéhd blast pressure etc [27].

Alternateload path(s): after the basic design of structure is done, swef the strength and
ductility of key structural elements is requireddetermine whether the structure is able to
“bridge” over the initial damage [27].
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3 ROBUSTNESSOF TIMBER STRUCTURES

In the last few decades there have been intenssbarch concerning reliability of timber structures
but robustness of timber structures has not beatuated yet. One of the reasons for lacking
information about robustness of timber structusethat a unified approach for assessing robustsfess
any material is not defined yet. As timber is a pter building material, assessment of robustness is
very hard to conduct. As there is obvious corietatoetween the redundancy and robustness,
redundant structures will, in principle, be a moobust than statically determinate. However, in
respect to timber structures, there are not madynegant systems, and the obvious way to asses a
robustness of such structures is to demonstrate tilgapart(s) of the structure essential for the
reliability have little sensitivity with respect tanintentional loads and defects. Other approadb is
increase redundancy, but this will definitely afféee cost of the structure.

For the purpose of the project ,Timber Frame 20(] a six-storey experimental timber frame
building was erected, in order to investigate tefgrmance and economic prospects of medium-rise
timber frame buildings in the UK. As a part of asting programme the investigation of
disproportionate collapse (robustness) was condudthis evaluation is to verify that the inherent
stiffness of cellular platform timber frame constian can provide the necessary robustness soithat,
the event of an accident, the building will notfeufcollapse to an extent disproportionate to #ese
[24]. This is achieved by designing in such a wagtta beam, column or section of wall can be
removed without the structure above collapsinghalgh damage to the building is allowed). To
achieve this, beams are incorporated within flogptds over external walls, or the walls themselves
are made to act as beams. The building was loaidtedsandbags positioned on each floor. Based on
an analytical review of the building, agreed sesatuility requirements and defined rules 'worst case
scenario' is chosen for the test. Result obtaitedvshat this kind of timber frame system is very

robust. _
A B 7
28 gl
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Figure 19.Test of timber frame

Table 10. Summary of disproportional collapse rsg24]

Duration Vertical deflection (mm)
Floor Wall above

For internal wall removed

30 minute 13 -

4 hour: 19 -

20 hour: 26 -

For external wall removed

30 minute 2.E 1.2

4 hour: 3. 24

7
20 hour: 4.C 2.€




3.1 DUCTILITY OF ATIMBER AND TIMBER CONNECTIONS (JOINTYS)

Ductility aspects of a timber

Timber is considered to be a brittle material, bseafailure occurs suddenly, without any warning.
This can be considered as an obstacle when congpariother materials like steel. It has no or gyve
little ductility in the tensile area, while in comgssive area linear elastic-plastic behaviour can b

assumed. [7] t
stress ,

tension

£0m

By Eoy By strain

e c,0m

compression

Figure 20.Typical stress strain curve of timber

Typical stress redistribution for different stafdsring bending) along the cross section of therbesa
given in following figure. In stage | purely elastiehaviour is observed. With the increase ofad lo
the part of a beam in compression behaves plasticnautral axis shifts along the tensile side of a
cross section. Stage Il represents stressestpriaflure of a beam.
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Figure 21.Stress stages in bending

There are many models for plastic distribution ld stresses in the beam. One of the simplest is
given in figure 14 [15]. The tension zone is chtedzed by a linear, brittle model, but the
compression zone is elastic-plastic. The moduludasiticity for both tension and compression aee th

same [15].

Zo
=
5./(
S
=
)

ZU|

Figure 22.Stress stages in bending

The value fy can be determined by comparing the equationth&bending resistance MR of beam
with a rectangular cross-section, calculated agogrdo [15]) and then according to the Eurocode.

MR =f,. (b-H/6) -c, c=[3+8:m+ 65m nf]/ (1 +mf

m = fo/fm



MR = fy . (b-H/6)

Ductility of joints

In the aspect of timber joints all agree that tleywo achieve high ductility is to take advantaféhe
plasticity of mechanical connectors (nails, dowblslts, etc.) The only certain way to create dectil
structure is design in which collapse of a struetisr governed by failures of mechanical joints [8].
This is especially important for the seismic bebaviof a timber structure. The definition of dutyil
with respect to behaviour in joints, is:

where y denotes the deformation at which the connectiarsde stability and yuis the elastic
deformation [9].

It must be noted that there are many different @ggnes to quantify ductility in joints but all dfem
incorporate relationships between the elastic dishents, displacements at maximum load and
ultimate displacements [8]. Another very importassue is that the joint ductility, elastic
displacements, displacements at maximum load amchaie displacements depend much upon the
type of the connections used (dowel type fasteneath plates and punched metal plates). There are
also significant differences between different dotype fasteners (bolts, dowels, nails, etc.)
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Figure 23.Ductile and brittle behaviour of a joint



3.2 METHODSOF ROBUSTNESS ASSESMENT

Following the definition ofa key element it is possible to propose generat@oinfor the robustne
assessmenkEirst, there should be distinction between the nednt and non redundant structures.
certain way to increase robustness is to induceneahcy but this should nbe the general conce
because this affects the overall cost efracture and on the other hand, potentially indwgteesses di
to temperature, creep etc.

321 REDUNDANT STRUCTURES

For redundant structures it is necessary to idekify element(s) and doment that after the loc
failure or a collapse, the system has an abilityettistribute forces (alternative path methadll tha
the local failure won't result as a total collapBased on these scenarios, the robustness of ar
can be calculated. If the systems robustness isdedquate, the modification / strengthening ol
structural system can be made.

Key element

Figure 24.ldentification of key element

Lot

TRERFTITreTTe AT T
Modification of structural system

i

Figure 25.Modification of structural system

3.22 NON REDUNDANT STRUCTURES

For non redundant structures sensitivity of a kieynent(s) upon increased (abnormal, extreme) load
must be verified.It should be documented that for a given abnoriwadl | the load effect will not |
disproportionate to the given load. Similar towedant systems, the robustness of the systenbea
calculated.

4 CONCLUSION

Purpose of this STSM was to provide “state of th& @n the existing methods for reliability and
robustness assessment of structures in generalaapdssibility for their application to timber
structures. Special attention is drawn upon theegsygeliability and the modelling of timber as a
material and timber joints. It can be concluded tiath behaviours (the possible ductile behavidur o
a timber and ductility in joints) may result in sificant increase of the robustness. For the jpints
ductility is necessary as they can constitute weatponents in structure. Ductility is also very
important during seismic excitations. For the redhm structures behaviour of the joints will play a
significant role. Material ductility is also degsireHowever, for the material behaviour no specific
conclusion can be given, as timber is a complexeritwith different (ductile/brittle) behaviour in
relation to type of the load effect (compressiamgten). Additional investigation must be made to in
order to quantify for what kind of structures, amsre importantly, in which extent, can material
ductility influence the robustness. Detailed 3DMFENalysis as input for robustness assessment could
provide better and more realistic behaviour ofdtnacture than usual plane models.
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