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damages on buildings caused by earthquakes

= Tohoku 03/2011

= Christchurch 02/2011

= L[’Aquila 04/2009
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Tohoku earthquake, 11t March 2011, magnitude 9.0

damages on buildings caused by earthquakes

|wdp resemrch enginecring test center

260 A e 5 *‘ﬁa
7p0\;vrrer planf with 2K

lincalculable consequences
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damages on buildings caused by earthquakes ﬂ'{,l;.'.

|wdp resemrch enginecring test center

Christchurch earthquake, 22" February 2011, magnitude 6.3

MMI IX V|olent
more than 200 victims
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damages on buildings caused by earthquakes

Ty

L’aquila earthquake, 6" April 2009, magnitude 5.8
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damages on buildings caused by earthquakes ﬂ'l(:'la.!.

damages on buildings caused by earthquakes

= two advertisements for Solid Timber Construction in CLT
1.  minimisation of damage and victims for existing buildings

2. fast, earthquake resistant and ecological reconstruction in CLT
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seismic standards in Europe ﬂ'!}i.!_

seismic standards in Europe - results of a study

= Contents of the study

implementation of the EN 1998-1

size of the seismic actions in the different countries

simplifications depending on small loads

regulations of vertical seismic loads

combination of seismic loads with another ones

especial regulations for timber buildings
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= Contents of the study

implementation of the EN 1998-1

size of the seismic actions in the different countries

simplifications depending on small loads

regulations of vertical seismic loads

combination of seismic loads with another ones

especial regulations for timber buildings

. Andreas Ringhofer Madrid, Spain, 11" - 12" November 2011 Institute for Timber Engineering and Wood Technology




lignum | seismic standards in Europe ﬂ'!;la.!_

sudy reseaneh, engioeering st eester

seismic standards in Europe - results of a study

= implementation of the EN 1998-1
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seismic standards in Europe ﬂ'!;’al.!
1]

seismic standards in Europe - results of a study

= size of the seismic actions in the different countries
according to EN 1998-1

Y1 agr S

simportance factor ,,Soil factor*
(0,8-14) (ground types A - E, S von 1,00 - 1,40)

,reference peak ground acceleration“
(depends on the seismic zone)

= Spain (NCSE-02) prap-S
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seismic standards in Europe - results of a study

= gjze of the seismic actions in the different countries

country minimum maximum influenced area
[m/s?] [m/s?] [%]
Austria 0,00 1,98 20
Germany 0,00 1,68 15
Switzerland 0,60 3,14 100
Spain 0,32 3,74 ?
France 0,00 5,88 60
Itlay 0,00 6,40 92
Greece 1,28 7,06 100
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seismic standards in Europe - results of a study

= conclusions
+  EN 1998-1 is not valid in every country
« differences between the standards in almost every point

* homogenisation (validation of the EN 1998-1, zones, and so more) would
be preferable
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requirements and boundary conditions according to EN 1998-1 ﬂ'!}i.!.

requirements and boundary conditions
according to EN 1998-1

= basic principles of conceptual design
» structural simplicity
* uniformly, symmetry and redundancy
» bi-directional resistance and stiffness
» torsional resistance and stiffness
» diaphragmatic behaviour at storey level

» adequate foundation
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sudy research, engioeering testcester razn

structural simplicity

= existence of clear and direct paths for the transmission of the seismic
forces in the building

high storey loadings!
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requirements and boundary conditions according to EN 1998-1 ﬂ'!;la.!_

uniformity, symmetry and redundancy

= criteria for regularity in plan

= criteria for regularity in elevation

— have a significant effect on the seismic loadings!
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criteria for regularity in plan

= the plan configuration shall be compact

setback to
large!

floor in-plan
stiffness is affected!
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requirements and boundary conditions according to EN 1998-1 ﬂ-!_:,l;!.

criteria for regularity in plan

= difference between the floor in-plan stiffness and the lateral stiffness of
the vertical structural elements

— floor in-plan stiffness >> lateral stiffness of the walls (e.g.)

= [imitation of the slenderness A

Liax 1400
A= =——=47>4
Lyin 300
g
3]
"
5
]
+ Lmax = 1400 cm "
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sludy research. engineering test cester Graza

criteria for regularity in plan

= limitations of the structural eccentricity and the torsional radius

— structural eccentricity = distance between the centre of mass
and the centre of lateral stiffness
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requirements and boundary conditions according to EN 1998-1 ﬂ'!}i.!.

criteria for regularity in plan

= limitations of the structural eccentricity and the torsional radius

— torsional radius r > radius of gyration I

057 o2 ey 2
Z(ky,l Xs,i )+ Z(kx,l Ysi ) Ipm
> i
Dk m
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8 requirements and boundary conditions according to EN 1998-1 ﬂTU
sludy research. engineering test cester Graza

criteria for regularity in elevation

= |ateral load resisting systems should have no interruptions form their
foundations to the top of the building

= avoiding of differences of the lateral stiffness and mass of the
individual storeys

=)

Wm:ﬁt-storey g
TP AR A A A A AN RN
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sudy reseaneh, engioeering st eester

criteria for regularity in elevation

= additional conditions for setbacks in elevation

symmetric setback asymmetric setback depending on the heigth

Ly Ly
¥ L
Lz +L;
—F—<0,20
L
Lz +L;
E— < 0,50
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Study researeh engineering test cester Grazs

consequences of the criteria of regularity

regularity allowed simplifaction .
- - behaviour factor
plan elevation model analysis
yes yes planar lateral force* reference value
yes no planar modal** decreased value
no yes spatial lateral force* reference value
no no spatial modal** decreased value

* calculation with the lateral force method of analysis

** calculation with the modal response spectrum analysis

. Andreas Ringhofer Madrid, Spain, 11" - 12" November 2011 Institute for Timber Engineering and Wood Technology
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% requirements and boundary conditions according to EN 1998-1 ﬂ'l(:'la.!.

bi-directional resistance and stiffness

A

i —> —> —

LLl
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torsional resistance and stiffness

bad choice

good choice

wall

wall
wall

core
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requirements and boundary conditions according to EN 1998-1 ﬂ'!}i.!_

diaphragmatic behaviour at storey level

= has to be proofed

= force-fitting and effective wall-ceiling-connections

= conditions for the situation of openings
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AL UUS— requirements and boundary conditions according to EN 1998-1 ﬂ'!}i.!.

adequate foundation

= rigid and homogeneous foundation slabs favourised

= tie-beams, piles see EC 7
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sudy reseaneh, engioeering st eester

the behaviour factor q

= EN 1998: g-factor as a goutient in the calculation

example: ground type A, a, = 3,34 m/s?

Sy(T) [mis?]

000 050 10 s % 350 250
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% requirements and boundary conditions according to EN 1998-1 ﬂ'!}i.!_
the behaviour factor q

= size depends on the ductility of the structure

= aim: transformation of energy with large deformations

= includes the non-linear behaviour in the linear analysis

= is determined by tests (original scale)
. Andreas Ringhofer Madrid, Spain, 11 - 12" November 2011 Institute for Timber Engineering and Wood Technology 34
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requirements and boundary conditions according to EN 1998-1 ﬂ'l;la.!.

the behaviour factor q

= seismic performance = bearing resistance x ductility

m =

7 A
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behaviour of buildings erected in Solid Timber Construction ﬂ'!}i.!
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sudy reseaneh, engioeering st eester

behaviour of buildings erected in
Solid Timber Construction under seismic loads
= the material

= the structural behaviour

= determining the g-factor
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8 behaviour of buildings erected in Solid Timber Construction ﬂTU
study nesesrch engineering test eester Grazm

behaviour of buildings erected in
Solid Timber Construction under seismic loads

= the material

» ceilings in CLT enable diaphragmatic behaviour
» walls in CLT have high bearing capacities under lateral loadings
* low mass (timber : concrete = 0,15 : 1,00)

* high bearing capacity with small deformation

— “low energy dissipation”
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behaviour of buildings erected in Solid Timber Construction ﬂ'!;la.!_

sudy reseaneh, engioeering st eester

behaviour of buildings erected in
Solid Timber Construction under seismic loads

= the structural behaviour

» walls and ceilings in CLT as “primary seismic elements”

+ ceilings have to divide the forces up to the walls

+ walls have to transfer the forces into the foundation (M + N + V)

» connecting the elements with anchors and brackets

AN

large deformations caused |
by plastic hinges
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8 behaviour of buildings erected in Solid Timber Construction ﬂTU
study nesesrch engineering test eester Grazm

behaviour of buildings erected in
Solid Timber Construction under seismic loads

= determining the g-factor

» research topic of the Institute for Timber Engineering and Wood
Technology, TU Graz, AUT

+ determining the behaviour of connections under cyclic loadings

4

» doing wall tests with the results of step 1

» shaking table test of a building (original scale)

— actually running

— aim for 2012
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behaviour of buildings erected in
Solid Timber Construction under seismic loads

= determining the g-factor
» current state of research
— first shaking table tests in Italy and Japan (SOFIE projekt)
— Video

— g-factor can be estimated to 2,0 - 3,0
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example

= contents
+ the building
» determining the seismic parameters
+ calculation of the seismic loadings and seismic design

+ results and summary
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example
= contents
+ the building

5-storey residential building erected in Solid Timber Construction
length x with = 19,5 x 15,0 m

— location: L'Aquila (ltaly)

design with EN 1998-1 and the national annex of Austria
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visualisation

. Andreas Ringhofer Madrid, Spain, 11" - 12t November 2011 Institute for Timber Engineering and Wood Technology 45

T cxample Ty

floor plan
3X
— 11 walls as ,,primary seismic
113
elements ax
3y
— ceiling models as single-, two- 2y
and three-span-beams
2X 5x
1 |
6X
X
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cross-section
4.0BERGESCHOSS
from pre-design:
3.0BERGESCHOSS
walls: 5 layers, 95/121 mm
" =
ceilings: 5 layers, 196 mm 2 0BERGESCHOSS ©
T}
—
E 1.0BERGESCHOSS
S
™
ERDGESCHOSS
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determining the seismic parameters

fi a1

’ ground acceleration |
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determining the seismic parameters

= |ocation of the building
» soil-factor und ground acceleration
» soil: ground type A— S =1,0

* acceleration: agg = 3,34 m/s?

= importance of the building

+ residential or office building

* 1=10
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determining the seismic parameters

= material parameters ,stiffness® und ,strength®
+ stiffness: elastic and shear modulus of the particular materials

» strength according to EC 5 resp. EC 8

= calculation of the active seismic masses
+ according to EN 1998: ¥, Gy ; + X Ug; - Qk;

dead loads quasi-permanent value of the

variable loads (e.g. traffic)

» active seismic mass is about 660 t
(building in reinforced concrete about 1700t)

. Andreas Ringhofer Madrid, Spain, 11" - 12" November 2011 Institute for Timber Engineering and Wood Technology
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verification of the regularity

= regularity in plan

» is the plan configuration compact?

® | ;
plan not regular!
] ]

4i

=
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verification of the regularity

= regularity in elevation

» lateral load resisting systems should have no
interruptions form their foundations to the top of the building

» avoiding of differences of the lateral stiffness and
mass of the individual storeys

» setbacks

AN NN

— elevation is regular!
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example

Ty

selection of the method of analysis

regularity allowed simplifaction .

- - behaviour factor
plan elevation model analysis

yes yes planar lateral force reference value

yes no planar modal decreased value

no yes spatial lateral force reference value

no no spatial modal decreased value
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example ﬂ'!}i.!.

selection of the method of analysis

regularity allowed simplifaction .

- - behaviour factor
plan elevation model analysis

yes yes planar lateral force reference value

yes no planar modal decreased value

spatial lateral force reference value

no no spatial modal decreased value
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selection of the method of analysis

regularity allowed simplifaction .
- - behaviour factor
plan elevation model analysis
yes yes planar lateral force reference value
yes no planar modal decreased value
no no spatial modal decreased value

* in this case:

— calculation of the first periods with a spatial model (RFEM)
—  static forces, design ,by hand*
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seismic design with lateral force method of analysis

= step by step
1. creation of the 3D-model and calculation of the first periods
2. determination of the seismic base shear forces
3. calculation of the internal forces
4

. design of the structural elements and capacity design

= problem
* number of anchors, brackets and nails in step 1 unknown

« form, number and position have a big influence to the lateral stiffness and
to the seismic loads

— iterative calculation is necessary
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step 1: calculation of the first modification of the
periods with an estimated umber whole system
of connectors 7'y
step 2: calculation of the
seismic base shear forces
2.iteration:
increasing of the l
connections in high i .
Sitesed wels step 3: calculation of the internal
forces in the walls and connections
A
no )
design of the
connections
capacity N
design
yes
. Andreas Ringhofer Madrid, Spain, 11% - 12" November 2011 Institute for Timber Engineering and Wood Technology 57
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Ty

creation of the 3D-model with ,,RFEM“

= plates:

intermediate ceilings and top ceiling

modelling with a 2D-element (orthogonal-anisotropic stiffness matrix)
= members:

bearing walls as primary seismic elements

* modelling with an 1D-element

geometrical parameters: length, with and height

material parameters: elastic and shear modulus
= connections/joints:

wall-ground plate und wall-ceiling-wall

modelling with springs (shear and rotation)

. Andreas Ringhofer

Madrid, Spain, 11t - 12t November 2011

Institute for Timber Engineering and Wood Technology 58
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example

sludy research. engineering test cester

creation of the 3D-model with ,,RFEM*

= selection of the connectors

anchors angle brackets

wall-ground plate wall-ceiling
‘ f 1 i

HD 480-M20

Institute for Timber Engineering and Wood Technology 59

Madrid, Spain, 11t - 12" November 2011

. Andreas Ringhofer

Ty

example

sludy research. engineering test cester

creation of the 3D-model with ,,RFEM“

= position of the connectors

brackets
il

both sides

anchors
Madrid, Spain, 11t - 12t November 2011

60

Institute for Timber Engineering and Wood Technology

. Andreas Ringhofer
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creation of the 3D-model with ,,RFEM*

= shear stiffness of a connection/wall

stiffness modulus of

kser,ges =n- kser,bracket <«
one bracket

number of brackets
= rotation stiffness of a connection/wall
Ng:

{L <—— vertical force has to be known

L

2
%, k Zi
- @ges = T 1 1
pRa— K +x :

] anchor compression

w2 - vz - :
i - x
2, z )
L
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LTS example Ty,

first periods of the 1.iteration

=
(2]
=
£ 150
—
= \
~
0; ., \
S$y4=0,
g 0.50
T1 X T1 y
0,00 - .
0,00 050 100 1,50 2,00 250 3.00 350
T[s]
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step 1: calculation of the first modification of the
»| periods with an estimated umber whole system
of connectors 7'y

step 2: calculation of the

seismic base shear forces

2.iteration:
increasing of the
connections in high
stressed walls

step 3: calculation of the internal
forces in the walls and connections

7 N
no 0

design of the

connections
0 n

capacity g
design
yes
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calculation of the seismic base shear forces

= lateral force method of analysis according to EN 1998-1:
Fb = Sd “m- A
Fb,x = Fb,y = 441 kN

= distribution on the floors depening on
+ the position to the basement (heigth)
+ the floor mass

+ is achieved by
i "My

Z
Fi=F,-=———
' E 2 7y - my
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step 1: calculation of the first modification of the
»| periods with an estimated umber whole system
of connectors 7'y

v

step 2: calculation of the
seismic base shear forces

2.iteration:
increasing of the
connections in high
stressed walls

step 3: calculation of the internal

forces in the walls and connections

A

no

design of the
connections

yes

no

capacity
design

yes
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calculation of the internal forces

= distribution on the walls with
* combination translation and rotation

« coordinates of the centre of lateral stiffness have to be known

Z ky,i *Xj «—— distance frqm the V\.Ia." to
X, = ——— the coordinate origin
S Z k
yi

bending + shear +

lateral stiffness of the walls — .
connections
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calculation of the internal forces
= coordinates of the centre of lateral stiffness
<
I
i
]
i
i
-
oI |
| l
|
I
N
o
<
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calculation of the internal forces
= distribution of the forces
— Y —
I
|
E —_——>
Fb,x T '
|= > I
—> —> A —_— —>
IVI. ; |
! |
——> translation | S —
I
T |
—> rotation |
— : —
<
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calculation of the internal forces
* bending moment Mix = Z Fix "z
» shear force Vix = Z Fix
= combination SRSS — M; = [Mjx” + Mjy°
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step 1: calculation of the first modification of the
»| periods with an estimated umber whole system
of connectors 7'y

v

step 2: calculation of the
seismic base shear forces
2.iteration:
increasing of the l
connections in high
stressed walls

step 3: calculation of the internal
forces in the walls and connections

A

no

design of the
connections

capacity N

design

yes
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design of the connections

= assessment of the bearing capacity

+ bending moment in the connection joint

bearing moment,
calculated with the wall-
model

Mggi < Mgq;

» shear force in the connection joint

bearing shear force of

< | —
VEqi < Ry all brackets

— bearing capacity of the connections is not enough (y-direction)

— 2. step of iteration necessary!

. Andreas Ringhofer Madrid, Spain, 11% - 12" November 2011 Institute for Timber Engineering and Wood Technology 71
step 1: calculation of the first modification of the
periods with an estimated umber whole system
of connectors 7'y

v

step 2: calculation of the
seismic base shear forces

.

step 3: calculation of the internal
forces in the walls and connections

2 iteration:
increasing of the
connections in high
stressed walls

e design of the

connections

capacity N

design

yes
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LTS example Ty,

2. step of iteration - summary

= actions

» increasing the numbers of the connections step by step

e results
- T,=174s
Tyy=194s

— bearing capacity of the connections enough
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step 1: calculation of the first modification of the
»| periods with an estimated umber whole system
of connectors 7'y

v

step 2: calculation of the
seismic base shear forces
2.iteration:
increasing of the l
connections in high
stressed walls

step 3: calculation of the internal
forces in the walls and connections

A

e design of the

connections

capacity N

design
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LTS example Ty,

capacity design

= verification of the hierarchy of the bearing capacities

+ verification of the reserve of brittle failures (walls) in comparison with
ductile failures of the connections

+ connection with the maximum force is the wall-ground plate connection of
wall 1y

er,d,jOint = 74,83 kN/m

Iyy,d,wall = 210,00 kN/m

+ verification _ Txydwall _ 210,00

= =183 =2,81> 1,20
Ixy,d,joint »
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UM cxample Ty
summary

= complex procedure because of the iterative steps
— use of especial software or spreadsheet programs (MS Excel)
= first periods are proportionally high
— stiffness of the connections has a big influence!
= high bearing capacities of elements which have brittle failure modes
— high safety against collateral damages caused by brittle failures
= problems and aims for future
» sophistication of the modeling and the calculation method
» developement of connections especially aligned for

— Soli Timber Constructions in CLT

— high loadings in extraordinary situations
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