Task C
Rapid and low-cost in-situ
building vulnerability assessment

Yuri Petryna, Sergey Tyagunov
Technische Universitit Berlin, Germany
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ﬂﬁ On-site campaign in Thessaloniki, Greece

AUTH, September-October 2015

Building of the Faculty of Philosophy Administration building
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5-story RC frame with masonry walls 8-story RC frame with a RC shaft
and elevator shaft
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ﬂﬁ On-site campaign in Cologne, Germany

(November-December 2015)

NN School General information

.~ | Year of construction - 1956
.| Number of schoolchildren - 1200
& | Structural system — mixed, RC, masonry

1 | Humboldt-Gymnasium

Year of construction - 2007
Number of pupils — 3000 (800)
Structural system — masonry shear walls

2 | Alfred-Miiller-Armack Berufskolleg

i | Year of construction — ca. 1965
Number of schoolchildren - 850
Structural system — mixed, RC, masonry

3 | Henry-Ford-Realschule

1 | Year of construction — ca. 1960
| [Number of schoolchildren - not specified
Structural system — mixed, RC, masonry

4 | Berufskolleg Ehrenfeld

= | Year of construction - 1969
Number of schoolchildren — not specified
Structural system — mixed, RC, masonry

5 | Otto-Lilienthal-Schule

_# | Year of construction - 1960s
& | Number of schoolchildren - 843
Structural system — mixed, RC, masonry

6 | Gymnasium Thusnelda-stralRe

Year of construction — not specified
. |Number of schoolchildren - 979
by | Structural system — mixed, RC, masonry
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School buildings, Cologhe, Germany
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Masonry shear walls

Mixed: RC, masonry @
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ﬂﬁ School buildings, Cologne, Germany

well-structured /mﬁ
. ' |I-‘ -!
'll.- .

Mixed: RC, masonry

Mixed: RC, masonry

back side

RC frame, in-fill walls, shear walls shear wall, masonry
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On-site campaign in L'Aquila, Italy
(May-June 2016)
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ﬂﬁ Data needed for the modelling and vulnerability assessment

No. Data type Ranking
Lateral load-resisting system and material of bearing structures 1
Overall dimensions and shape of the building 1
Presence and location of separation lines 1

4 | Presence of irregularities (physical or geometrical / in plan or in elevation) 1
5 | Dimensions and location of structural elements (columns, walls, slabs) 1
6 Cross-sections of the structural members and their material properties 1
(strength, elastic moduli, specific density)
Year of construction (modification) 2
Occupancy of the building 2
9 Non—s.,tructural elements and other buildi.ng .com.ponents, which can 5
contribute to the stiffness and/or mass distribution

10 | State of the preservation of the building (structural system)

11 | Depth and type of foundation

12 | Local soil conditions

13 | Position of the building with respect to the neighboring buildings
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Typical structural members
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Y = Walls
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= Shafts (lift, stairs)
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\ with their
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= Position
I I -, )
Ok | (] ] [] Dimensions |
ax ax ay , = Material properties
1
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Data collection tools

Laser distance meter on tripod

Rule / Measuring tape
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Engineering sketches
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Reinforcement detector

On-site pictures
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Ambient vibration measurements

bending in Y bending in X

Minimum set
3 sensors
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Data input in MS Excel

15t sheet = user interface

& E 5 n] E F G H J K L
Building
MeaziCale.
Murnber of Length ¥ [m] E-radulus Paisson's ratio E-Modulus, Freezsen: CX
Stories . [MNr?] Walls [Mhir?] q[HZ] s
Nurnber of MeasiCale.
Total Height Length ' [m] Siffriess Ratio HTREr o Freguency, &'
Colurmnn Tupes
[Hz]
Uniform Grid of Columns
Total nurmber of | Total number of . . Diameter [m] [if . . .
C St | inse | in'- | Bay width, | Bay Witk ¥ ] Crozs-zection Cross-zection round cross- First Colurn First Column kAaterial o
HITErLSIAn ) SSHmnS N A EELTnS T Ea W A S W VI widin, ) im] | widsh, ¥ [l section, | Coordinate,  [m]| Coordinate, ' [ | Density [kMim3] Einfugen
direction direction
elza )
Non-uniform Grid of Colums
Diarneter [rm] [if
Colurmn Colurmn . . .
C St Caordinat Coordinat Cross-section Crozs-zechon round cross- kAaterial
Hrren Stars! meranae. SEANEE | width,®KIm] | width, ¥ [ml secion, | Density [khm3] Einfugen
¥ [mn] ¥ [mn]
elze 0]
Hollow Shaft
Current Stor K-coordinate ‘-coordinate Cross-zection Crosg-zection | Wall Thickness, [ Wall Thickness, hlaterial o
e [center] [m] [center] [m] Wwidth, ¥ [m] Width, ' [m] #[m] ] Diensity [k Einfiigen
Walls
Fi rst. F'olnt. FII’St.PDInt. End.F'm nl. End_F'olnt_ wall Thickness, Miaterial
Current Story Coordinate in Coordinate in Coordinate in Coordinate in [ Dersity [KMim3] Einf[]gen
Flan,®1lml | Plan,¥ilml | Plan®1ml | Plan, il m Ensty L

Number of Elements

Murnber of

Star
? colurins

Murntber of shafts Nurnber of walls
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Linear model check and tuning in MS Excel

A B £ D E F G H 1 1 K L M

N N i

1 | Building
Meas./Calc.
Number of 5 L h X [m] 33.6 E-Modulus 33000 Poisson's ratio 0.2 E-Modulus, Freeatjejfn ; cx 1.72 1.601816004
Stories ength X [m . [MN/m?] : Walls [MN/m?] q[HZ]W' ’ '
Number of Meas./Calc.
Total Height 29.5 Length Y [m] 25.5 Siffness Ratio 2 1 5000 Frequency, ¥ 1.6 1.767334209
Column Types
3 — [Hz]
-
A B C D E F G H 1 J K
20 Number of Elements =
-
Number of Number of 3 -
Story umbero umoero Number of walls Frequency d|ﬂ:erence < 20% => OK, green
21 columns shafts
. o — .
2 1 32 1 2 Frequency difference > 20% => modify, red
23 2 32 3 s ae
> : = . = Lluncertainties
25 4 32 1 3
26 5 32 1 8
2 Stiffnesses [MN/m)] Masses and Weights D D
Story Mass Slab density ] Slab Thickness ;
Sto Kx K St Story Height [m Weight [kN
33 v v ory [kN/m] [kN/m?] ry Helght [m] [m] ght [kN]
34 1 1224.574208 1867.018663 1 364.95 50 5.8 0.4 19961.415
35 2 7560.66339 4861.827031 2 783 50 5.1 0.4 20816.1
36 3 7560.66339 4861.827031 3 783 50 5.1 0.4 20816.1
37 4 7560.66339 4861.827031 4 783 50 5.1 0.4 20385.45
38 5 9470.398476 6396.379231 5 783 50 4 0.4 18545.4
a1 Calculated Frequencies [Hz] Earthquake Forces
Spectral
45 Mode X Y lambda 1 acceleration 2
1 Weight [kN] 100524.065 |SNeArFOrCEFEES| e 284930
a6 1.601816004 | 1.767334209 8 ’ [MN] .
a7 2 6.634602475 5.789989168
a3 3 12.08460813 9.984935082
49 4 16.45251741 13.38894828
50 5 18.87130599 15.29247381
= o,
57 Concrete Properties
53 Column cross-sections Shaft cross-sections E E Strength [MPa] 30
CurrentNo.  X-Width[m]  Y-Width [m] Radius[m]  COMCEIECOVET | ntNo.  X-Width[m]  Y-idth[m] | VoI Thickness, | Wall Thickness, Reinforcement | 15
[m] % [m] ¥ [m] ratio
59
1 0.5 0.75 0 0.03 1 1.7 3.9 0.15 0.15 Tens. strength 2.2
&0 [MPa]
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Earthquake loading and capacity

G H 1 ] K L 1 1 K
26
. Earthquake Forces [MN]
32 Masses and Weights _ Story Torce x Force y
Story Mass Slab density ] Slab Thickness - 1 40.65073695 32.41949512
St Height Woeight [kN
33 Story [kN/m] [kN/m’] ory Height [ml [m] Signt (k] 2 48.11448874 45.06529491
34 1 364.95 50 5.8 0.4 19961.415 3 52.54018378 540222851
35 2 783 50 5.1 0.4 20816.1 4 54.40175504 | 58.98240049
36 3 783 50 5.1 0.4 20816.1 5 50.57777474 | 55.79546364
37 1 783 50 5.1 0.4 20385.45
38 5 783 50 4 0.4 13545.4
44 Earthquake Forces
Spectra Total earthquake force
lambda 1 | 2.45
45 acceleration
. Shear Force — — k
45 Weight [kN] 100524.465 Fges IVIN] 246.2849393 | F | = 7\ m Sd =) FI
Shear Load <i> Shear capacity
5 -—DTFIS 5
Limit State Force =F . * F i+ F 4.8
< ——ps F 14 4
u u u, u
3 —»» |’ 3 F
frame
2 @ — F7 2@
wall
1@ F/ 1@
v Z 7 7 Z wz
SISM Inertial forces 2 Shear forces Shear force (capacity) for each story
~mode shape
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..E Force-based limit state assessment

C . d d | . 10000
onsidered limit states: r:iiff_r_‘/
LS1: cracks (10 = immediate occupancy) 2 o0
LS2: yielding (DL = damage limitation) < =151
Q
o Y = LS2
LS3: collapse (NC = near collapse) 5 A «
[Pt —|S3
8 —¢=EQ Load
. . . . « . 5) 10
Limit states are determined individually o~ LSoccurs, red
for each story by comparing the . | |
. . . . 1 2 3 4 5 stor
EQ shear force with corresponding limit state force. y
A B C D E E G H | 1 K
67 Stiffnesses for LS2 (DL) [MN/m] Stiffnesses for LS3 (NC) [MN/m] Earthquake Forces [MN]
68 Story Kx Ky Story Kx Ky Story Force x Force y
69 1 372.4023786 827.4240258 1 82.26828406 273.7881038 1 40.65073695 32.419459512
70 2 4797.979814 2957.408525 2 3245.500734 1785.880412 2 48.11448874 45.06529491
71 3 A755.07782 2878.319765 3 3224.925779 1719.394627 3 52.34018378 54.0222851
72 4 4708.255894 2788.379897 4 3208.667273 1667.673076 4 5440173504 58.98240045
73 5 5959.617656 3761.467554 5 4126.531119 2399.274547 5 50.57777474 55.79546364
79
235 Limit state assessment
235/ X-direction Y-direction
Story EC Force [MN] | LS1Force [MN] | LS2 Force [MN] | LS3 Force [MN] Story EQ Force [MN] | LS1 Force [MN] | LS2 Force [MN] | LS3 Force [MN]
237
238 1 246.2849393 1 246.2849393
239 2 195.7071645 2 190.4894756
240 3 141.3054095 3 131.5070751
241 4 B88.76522565 4 77.48479003
242 5 40.65073695 5 32.41949512
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ﬂﬁ Simplified integral structural model (SISM)

real building

g original frame structure (one storey)
>

in-fill
L wall

) 77 7 7 4

Stiffness matrix g— | -k, k +ks —k

ky +ky —k, 0 ]
0 —ks k4

my; O 0
Mass matrix M= [0 m; 0]
D 'D m3

Modal analysis: (K —aoMme =0

Linear model check and improvement is done
by comparison of measured and calculated
eigenfrequencies and mode shapes.

F ”T‘r equivalent g _T‘r
—>|___]|:,_| beam — ]

shear + bending
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Linear SISM: Frame part

|é.!

tt ft Tt T K, K|S 7T[u]l [F]

shear & & M, . . ‘P>’<“’
Q. Stiffness relation Koo | Kool Ko || @ [=]0

with 3 coupled DOF
b Ko | Ko Kol Lw] [0
displacement

s ;@ Ku(P 0 -1 _F_
Solution =K K K 0
| _0 KW(p KW_ 5

DOF 2
node rotation

Integral equivalent \‘* _F 1
. Kuu =—=—% Kuu
+— M,Q, story stiffness u u
Al NY
bending Nt o E .
N —* F | 4] equivalent p _HT
N, — ] beam —= [
DOF 3
slab rotation
w2z
L shear + bending
rl
¥
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v

Dynamik
Statik

Linear SISM: shear walls and shafts

F _LT -

1 P 1
— [
» X .
#h
N 7
b,
cross-section of beam (bending)
hollow shaft

, " K :E: E-B-h |
Yo L 417 .. 4+ 5v
L 1111 . B 2
wall
h: wall thickness
7
B

walls (shear)
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ﬂﬁ Nonlinear SISM

LS1: cracks (IO = immediate occupancy)

Considered limit states: LS2: yielding (DL = damage limitation)
LS3: collapse (NC = near collapse)

Moment-curvature
relationship

ELSI’/‘
B -

0,05

Mechanical model

m 1.0K,, for LS1

Ky= N 07Ky for LS2
Empirical model

| 05K, for LS3

Force-displacement

relationship

F, [MN]

08
0,6
0,4
0,2

0

[—

/
:

0,005 0,01

u, [m]
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ﬂﬁ Case study: The building of the Faculty of Philosophy, AUTH

RC frame with masonry walls
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Original design drawings

‘ separation lines ‘

Side unit Central unit Side unit

Central unit
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Faculty building AUTH

RC columns l lSeparation line

\ENIIAAVEL \ENI [a'AVELl
(Y-direction) (X-direction)
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In-situ structural survey and data collection

‘”“&,__'w ..
1 <«—— One additional
Ut

story detected

Structural modification
20 years after construction

(columns 50 x 75 cm instead of 40 x 60 cm)

X7,
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Statik Y. Petryna, TUB, SIBYL final meeting, 07.12.2016 22/ 37



'E Main structural members of the central unit

ground floor

columns V
\\;
I

elevator shaft

no walls

Masonry | walls
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Summary: main structural elements

elevator shaft

columns

/

— walls

soil

Basement is not considered

Dynamik
Statik . )
Y. Petryna, TUB, SIBYL final meeting, 07.12.2016 24/ 37




Spatial arrangement of sensors

[ S—
/",4—86‘7’]7'\\\ 903
|

~=
o
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1st mode (f=1.60 Hz) Software MACEC

#

"""""""""""""""""""
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2nd mode (f=1.72 Hz) Software MACEC
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3rd mode (f=1.76) Software MACEC
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Model check by use of vibration monitoring

A B C D E F G H I il K L M
1 | Building
Meas./Calc.
Number of 5 L h X [m] 33.6 E-Modulus 33000 Poisson's ratio 0.2 E-Modulus, Fre uejfn X 1.72 1.601816004
en m H 8 r . .
Stories et [MMN/m?] Walls [MMN/m?] quency,
2 [Hz]
Meas./Calc.
. ) 3 Number of
Total Height 29.5 Length Y [m] 25.5 Siffness Ratio 2 1 5000 Frequency, ¥ 1.6 1.767334209
Column Types
3 [Hz] N
A B C D E F G H I il K L
20 Number of Elements
Number of Number of
o Story columns <hafts Number of walls
measured calculat
22 1 32 1 2
23 2 32 1 8
24 3 32 1 8
25 4 32 1 8
26 5 32 1 8
32 Stiffnesses [MN/m)] Masses and Weights
Story Mass Slab density ] Slab Thickness ;
Sto Kx K Sto Story Height [m] Weight [kN]
2 v Y v [kN/m] [ki/m?] rvnele [m] g
34 1 1224.574208 1867.018663 1 364.95 50 5.8 0.4 19961.415
35 2 7560.66339 4861.827031 2 783 50 5.1 0.4 20816.1
36 3 7560.66339 4861.827031 3 783 50 5.1 0.4 20816.1
37 4 7560.66339 4861.827031 4 783 50 5.1 0.4 20385.45
38 5 9420.398476 6396.379231 5 783 50 4 0.4 18545.4
a1 Calculated Frequencies [Hz] Earthquake Forces
Spectral
45 Mode X A lambda 1 acceleration 245 InpUt AUTH' GFZ
1 7 Weight [kN] 100524.465 Shear Force Fges 246.2849393
a6 1601816004 | 1.767334209 J cI8 " [MN] .
47 2 B.0340024 75 5./80980168 |
48 3 12.08460813 9.984985082
49 4 16.45251741 13.38854828
50 5 18.87130599 15.29247381
56
57 Concrete Properties
s¢  Column cross-sections Shaft cross-sections Strength [MPa] 30
) ) | Concrete cover ) ) Wall Thickness, | Wall Thickness, Reinforcement
Current No. X-Width [m] Y-Width [m] Radius [m] Current No. X-Width [m] Y-Width [m] - 0.015
[m] X [m] ¥ [m] ratio
59
Tens. strength
1 0.5 0.75 (1] 0.03 1 1.7 3.9 0.15 0.15 gt 2.2
60 [MPa]
.
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v

X-direction

Vulnerability assessment

Y-direction

10000 10000
= =

1000 1000
2 S
>< +le ><\ +le
0] ) .
2 100 - —Ls2 O 100 —i—152
N ——153 L2 ——153
= —
5 —+—EQ Load o —e—EQ Load
< 10 < 10
v v

/! : ‘ : ‘ 1 : : : ; ;
1 2 3 4 5 story 1 2 3 4 5 story

Earthquake Forces

. The design value of PGA is taken from the response

Spectral
lambda 1 Pe ra-
acceleration
i Shear Force
Weight [kN] 100524.465 246.2849393
Fges [MN]

spectrum according to AUTH investigations on-site.

235 Limit state assessment

236 X-direction Y-direction
Story EQ Force [MN] | LS1 Force [MN] | LS2 Force [MN] | LS3 Force [MN] Story EQ Force [MN] | LS1 Force [MN] | LS2 Force [MIN] | LS3 Force [MN]

237

238 1 246.2849393 1 246.2849393

239 2 195.7071645 2 190.4894756

240 3 141.3054095 3 131.5070751

241 4 88.76522569 4 77.48479003

242 5 40.65073695 5 32.41949512

~an
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Case study: Technical school, L'Aquila, Italy

Partly damaged building
unoccupied since 2009
RC frame, in-fill walls

&7 . ‘,

ISTITUTOMTRCENGS « ..,. .
ENROME. R h




Main structural elements

- 7
3.00
N n n m n n m n ,
3 00__ |
6.20
u n [F] o u ] n 7] n = "
6.40
n ® » a B » ] n = = n —_—x
12 x 3.80 =45.60
slab t=0.30 in-fill walls
columns 0.40 x 0.40 girders
girders 0.40 x 0.30 ] columns
[ ] ] " ] ] = "= = § ] ] |
Simplified
= n " = = n = n " = n
Ay model

> X
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Model check by use of vibration measurements

Building
Meas./Calc.
Number of 5 Length X [m] 45.6 E-Modulus 33000 Poisson's ratio 0.2 E-Modulus, Fre ue;n X 1.85 1.321804986
Stories gt : : walls [MN/m?] q[Hz]W' : :
Meas./Calc.
. . : MNumber of
Total Height 17.9 Length ¥ [m] 12.6 Siffness Ratio 2 1 4000 Frequency, Y 1.65 1.683358836
Column Types
[Hz]
Number of Elements
story Numberof — Numberof o = ¢ walls measured calculated
columns shafts
1 39 0 3
2 39 (1] 3
3 39 0 3
4 39 (1] 3
5 39 0 3
Stiffnesses [MN/m]
Story Kx Ky
1 1383.482236 1061.471557
2 1383.482236 1061.471557
3 1383.482236 1061.471557
4 1383.482236 1061.471557
5 1383.482236 1061.471557
Calculated Frequencies [Hz]
Masses and Weights
Mode X Y Story Mass Slab density . Slab Thickness .
Sto Story Height [m] Weight [kN]
) v [kN/m] [kN/m’] e [m] &
1.921804986 1.683358836 1 157.4 40 3.26 0.3 7479.024
2 5.624507205 4.926651753 2 197.4 40 3.26 0.3 7479.024
3 8.899745314 7.793517768 3 157.4 40 3.26 0.3 7479.024
4 11.47545625 10.05164979 4 197.4 40 3.26 0.3 7479.024
5 13.12321503 11.49496445 5 157.4 45 3.26 0.3 3048.712

Statik
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Vulnerability assessment at S = 0.2

X-direction

100
.
o

= .
E SRS & T B — tr— 4
= 10 ——-151
(]
g —A—152
= —|S3
E
©
] 1 —4—EQ Load
=
wv 1 2 3 4

0.1 story

Earthquake Forces
Spectral
lambda 1 pe ra_ 0.2
acceleration
. Shear Force Fges
Weight [kN] 37964.808 [MN] 7.5929616

Limit state assessment

X-direction
Story EQ Force [MN]
1 7.5929616
2 5.314472367
3 3.369922325
4 1.755473148
5 0.601242102

Dynamik

LS1 Force [MN]

LS2 Force [MN]

LS3 Force [MN]

Shear force X, MN

100

Y-direction

—)

10

—&—151
—A—1S2
——153

—4—EQ Load

0.1

«—— weak earthquake

story

Y-direction
Story EC Force [MN] | LS1Force [MN] | LS2 Force [MN] | LS3 Force [MN]
1 7.5929616
2 5.314472367
3 3.369922325
4 1.755473148
5 0.601242102

Statik

Y. Petryna, TUB, SIBYL final meeting, 07.12.2016

34/ 37

siBEYL



Response Spectrum for LAquila

1,6 oo e
Acceleration Spectra School building

B

Ay T,=1/1.65=0.65

L SLO-A

Salgl]

Record AM043 — Earthquake Spectra Response vs. NTC2008 Elastic Spectra for Civil Buildings

L. Petti, I. Marino (2009), Preliminary comparison between response spectra evaluated at close source for
LAquila earthquake and elastic demand spectra according to new seismic Italian code (v.1.00), available at

http://www.reluis.it
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Vulnerability assessment at S, = 0.5 (record)

v

X-direction Y-direction
100 100
.

=2 e— 4 3
= =
3 3
1) —r— —&-151 ) 3 —-151
8 r — 8 L —

e 10 —e— 52 8 10 e | S 2
E —]53 E —|S3
() ()]

< —¢—EQ Load R —¢—EQ Load
(Vp] w

1 ] 1 T T
stor ' ! ' stor
1 2 3 4 y 1 2 3 4 5 y
Earthquake Forces
A . Spectral os <« Record acc. to Petti, Marino (2009)
acceleration

3 Shear Force Fges

Weight [kN] 37964.808 18.982404

[MN]
Limit state assessment
X-direction Y-direction

Story EQ Force [MN] | LS1 Force [MN] | LS2 Force [MN] | LS3 Force [MN] Story EC Force [MN] | LS1Force [MN] | LS2 Force [MN] | LS3 Force [MN]
1 18.982404 1 18.982404
2 13.28618092 2 13.28618092
3 B.424805813 3 8.424805813
4 A.388682871 4 4,388682871
5 1.503105255 5 1.503105255
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http://www.sibyl-project.eu/

Thanks for your attention
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