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Background and Motivation
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EN 1990: Basis of design,
Basic requirements 2.1

(1): Sustain all actions
(2). Adequate resistance, serviceablility and durability
(3): Fire resistance

(4): A structure shall be designed and executed in such a
way that it will not be damaged by events such as:

« explosion,

e impact, and

* the consequences of human errors,

to an extent disproportinate to the original case.
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Basis of design

« EN 1991-7: Accidental actions
— Impact from traffic
— Internal explosions

e EN 1995-1-1.:
— Only strength (and serviceability)
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Basis of design

« EN 1998: Earthquakes

— Static ductility (3 cycles, 0.8*F ): D=-—+
— Ductility class:
* Low (D< 4)
* Medium (4<D<6)
» High (D>6)

— Take into account:

* Initial slip in connections
e E,values (+ 10%)
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Single family housing or few stories

* Wooden structure housing damage at the 1995 Kobe earthquake (photo by Michio Miyano)
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20 storied
building?

(Ramstad arkitekter)

{74 W WA W4 WP L

TRE: Skissene viser et alternativ til baerende konstruksjoner som vurderes i mulighets-
studien. Forst 25 baerende spyler, deretter bjelkelag, 400 x500 mm far 180 mm massiv-

tredekker leggesinn.Sak di lekry ivere og til sist glassfasad
utkragende hokser i massivtre.

FOTO: REIULF RAMSTAD ARKITEK
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Loading Conditions
Testing
Failure modes
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Loading and Failure Modes:

« Static loading (Load is constant)
— Snow on roof
— (Slowly) Increased variable load
— Decrease in resistance

« Dynamic loading (Load time dependent)
— Impact e.g. from wild vehicles
— Impact from falling mass above
— EXxplosion
— Earthquake

— Sudden change in load distribution due to partly failure
(e.g. due to human errors?)
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Deformation controlled test:

Force

Ultimate resistance: F,

Deformation
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Load controlled test

(slowly increasing load):

Force

Static Dynamic

I:int — |:ext a=M B ( |:ext B |:int)

Tl

Ma+Cv+R . =F,

Deformation
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Parameters (EN 1998): slip, E, D =fu9
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Nomenclature:
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Constitutive Modeling
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Total strain models:

e In general: o= f(e)

* Power law: o=C,+C,é&"

* Prager: o =o,tanh(Ee/o,)

» Voce: o =C,+C,(1-exp(-Ce))

* Jorissen - o= 00(1 exp(——aD+Kl<{l exp(—ﬁgD<aax
Fragiacomo: o

e Menegotto ?O:CS(?O]+(1_CS) 0 e
Pinto: [“(5] }
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Constitutive piecewise models:
» Elastic - elastoplastic domain (piecewise - constant shift)

-

Ee for O£g<ﬁ:go
E

o+ T(e—¢g) for ezg

 Decomposition of elastic and plastic deformation
E=&E,+¢&,

e Elastic strain g, = %

. ] O
Plastic strain &€, =¢ —E

« Elastic or plastic domain (decoupled)

E-¢ g<o,/E
o f(e,) e>0,/E
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Plastic domain

e Stress-plastic strain; £

o= f(e,)
& E'O E'u E‘f EI:max ;
 Maximum (ultimate) strain:
f
dG _ (‘9p) _ O 5 .
de, deg, P
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Fracture (softening branch)

. _ %01
e Total internal energy W, !“dge 2F
Wt :We -|-Wp W, = _([adgp = .(‘; f(e,)de,
o= 1f(s,)

« Analytical fracture:
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Example 1. Moment vs. rotation
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Linear Elastic model:

Moment B-3-2 Moment B-3-2, linear part

80 y = 70643x - 33.787
_ — 2 R?=0.995
g " £

50

E 60 é
el ‘ 40
s 50 S
- 40 2 3
'E —moment B-3-2 Cl:J = BT
) 30 E —— Linear (moment B-3-2)
€ 2 o ¥
o =
E 10 10

0 0

100 0.0005 0.001 0.0015 0.002 0.0025 i — — —

Rotation, ¢ [rad] Rotation, ¢ [rad)]

 Initial stiffness and slip (by regression) :

33.787
70643

E =70643 kNm/rad &(=¢)= =0.000478 rad

o Linear elastic model: zero stress for zero strain
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Moment, B-3-2, nonlinear part

“Plastic” model

= 80
« Remove slip and elastic = ol
deformation E ZZ I
c 5
Ey=E—&—— g
2
e Fit analytical expression - \ —
(p (@) |yn om ’?) -0.0006 -0.0004 -0.0002 0 0.0002 0.0004 0.0006 0.0008
. Rotation, ¢, [rad]
o="1(¢,) b

Moment, B-3-2, nonlinear part

(o]
D

0'=00+A£p+Bg§+C8:;

|

 Results:

v
o]

& rox = (0.00067)
€., = 0.00036

Moment B-3-2

=
[ex]

—— Poly Moment B-3-2

o (= M0)=72.663 KNm € py :min{
A=64702 kNm/rad
B=-9.19-10" kNm/rad?

9 3 .
C=278-10" kNm/rad £y = mln{

y=2.775E+09x3- 9.186E+07x2+ 6.470E+04x + 7.266E+01
R?=9.686E-01

Moment, M [KNm]

5%
D

&, = 0.00067 |
£, =(0.00078) o

-0.0001 0 0.0001 0.0002 0.0003 0.0004 0.0005 00006 0.0007 0.0008

Rotation, ¢, [rad]
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Model VS. Experiment (incl. slip)

90
_
€
o 2
- 2
Q
£
0
2 2
0 00002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002 0
psdon 0 0.0005 0.001 0.0015 0.002
Rotation, ¢ [rad]
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Example 2: Single dowel test
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Linear Elastic model:

Single dowel test PR1-5G

Single dowel test PR1-5G 14
y=32.729x- 44533
12 R?=0.9962
/'\\ 10 |
e o]
b —Force 6 -
4 )
— 2
A 0 1 2 3 4 5 6
¢ (displacement) 0
0 01 02 03 04 05 0.6
 Initial slip and stiffness: e
4.4533
E=32.73 KN/mm & =——=0.136 mm
' 32.729
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Single dowel test PR1-5G

“Plastic” model
« Remove slip and elastic
deformation ° \
o \
Ey ==& E 5
» Fit analytical expression i 8 1 & & 4 B G
(2 terms Voce) -
o=1(s,) 2s :
O =0, +Q1 (1—e_Cl€p)+Q2 (1_e—ngp) 20 -
* Results F [\
o,=12.14 kN [ €pmex = (4.87) 10 e
Q =801 kN S =MINS 549
C,=855 mm® i ’
Q,=-3.10 kN | €pmex =0.00067 )
C,=040 mm® &y =MIN _ 0 1 2 3 4 5 6
2 : gpfa = (NA) .
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Ductility quantification
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Ductility
measures:

& 0 = = Eman Stehn-Bjgrnfot, WCTE 2002:
U Uy
= Up=u u -
g Cg=—L—1 @ D, =L
Ug u,
Dsu :g'uu (6) Dsfl :ﬁ'uf (7)
T . | E‘l | 1
iuy Deformation iuu i“f Duv =u, —u, (8) va =U;—-u_ (9)
. Du Cu Duy Dyw Ev Dau Din
—~
Df C¢ Dgy Do Eg

D, =u,-u, (10) E, = ff(F,u)du (11)
0
@NTNUM
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Strain based ductility measures “Ds”

& &

DSy = g; = GO; « &, =&, Brittle material has ductility = 1 !!
(EN 1998)
Ds 0 = if’” = Gg"/“E « The offset from linearity is far from unique
% Scaling by “yield point” should be avoided
e o/
Ds —Zm __ Cw e Scaling by max. strain give 0 <D < 1, but

pu Insufficient distinctions between responses

Ds — Cou e Scaling by elastic strain at ultimate force: OK.
Spe = = : . :

g, o,/E Static ductility up to ultimate force level.
€. :%(1+ Ds,.) « Easy strain calculation.
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Energy based ductility measures “Dw”

pu

W ode, j f(e,)de,
Dw = P4 _ 0 _ 0  For static loading (up to ultimate load)
W, % ode O'uz Plastic energy dissipation/elastic energy
¢ 2E

W odz, [ f(s,)ds,
Dw,, = " =-2 =0 « Dynamic loading (up to fracture)
W, i d O, Plastic dissipation/max elastic energy
odeg, oE
0
2
W, = IUE(1+ Dwue)

 Total energies
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Parameters Moment Connection Dowel test

2 exam p I eS : [KNm and radians] [KN and mm]

Moment B-3-2 E 70643 32.73
90
80 %o 72.7 12.14
'E' 70
£ o % 84.2 19.48
= 50 |
2 | & 0.000478 0.136
g 30 i
E & 0.000358 0.492
E 10
8 Eor 0.000669 4.87
10 0 0.0005 0.001 0.0015 0.002 0.0025
Rotation, ¢ [rad] Ds _ S _ %w (030 0.83
ue o E
Single dowel test PR1-5G w O
* ow = Ve 0.57 153
ue Weu
/-\‘4\\ DW i _ Wpu 045 009
’Tg 45 / v O, &y
S
10 W 1.21 15.31
° Der =
Weu
5 W, 0.95 0.94
W, =
—Tf fb 0,5y
1 0 1 2 3 4 5 6
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2 examples:

. MomentB3-2 e Static loading:
'E' 70
< 60 & E
e Ds, = fm Dowel test _ 0.83 _og
Z o &, o,/E Moment test  0.30
2 .
]
S 1w

° W

10 2 0.0005 Rot(::ilon j:il';d] 0.002 0.0025 DWue — pu N DOWGI teSt _ 153 _ 2 7

: W Moment test  0.57

eu
Single dowel test PR1-5G

[ ———— | + Dynamic loading:

Dw, =—2 N Dowel test  15.31

W, Moment test  1.21

o (force)
'ﬁ\

=12.7

k=
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Final Remarks (Quantifying):

e Decomposition of strains: 0 4
— — O
E=&, + 6‘p &, /E

 Decoupled models:

E-c e<o,/E
“Tlie,)  e20,/E

* Quantifying measured test response by
regression on to analytical models

— Initial slip

— Elastic linear response

— “Plastic” nonlinear response
« Determine parameters of the analytical models

e Compute derived properties from the analytical
models
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Final Remarks: Ductility

e Static loading:
— Strain based:

— Energy based:

e Impact:

" geu } GU/E

ode, j f(e,)de,
DW :WDU — .O — 0
ue W O-H 62
eu dg u
O %e 2F

o

W
_ o pf 0
DWfe =
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