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SUMMARY

In this paper seismic damage ratio model of regular structures is analyzed. It is based on the following

assumptions:

- Saismic response of the regular structures (symmetric plans and constant vertical stiffness) can be well
interpreted by using SDOF system as a mathematical model of the structures.
- Response parameters of the structure as ductility, stiffness change, energy balance and the number of
plastic excursions can describe a real level of structural damage.
Based on some known damage models, the original formula for damage ratio is given. The valorisation of these
assumptions and proposed formula for damage ratio was done by comparing the results of experiment CAMUS3,
done by Camus working group, in TRM-ECOEST 2 Research programme in EMS Sacley, France.
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1. BACKGROUND

The procedure of structural seismic resistance
determination contains three steps: Modelling,
Analysis and Valorisation.

Chung [1] determines “damage” as a level of
physical degradation with precise defined
consequences to residual capacity of resistance and
deformations. The failure is a specific level of damage
without any capacity of resistance and deformations.
Usualy, inliterature, the problem of structural damage
issolved by calculation coefficient called Damage ratio
(DR), calculated for structural element (partial) for the
whole structure (global).

Damage ratios in various models are based on
maximum values of structural response parameters or
cumulative values and summing non-liner deformation
cycles. For example:

- Park & Ang [2] model defines damage ratio as
linear combination of plastic deformation
(ductility) and energy dissipation.

- Hwwang & Scribner [3] model contains Gosain's
energy index which is normalized by dissipated
energy, stiffness and maximum displacement in the
ith cycle, also with initial stiffness, yield
displacement and a number of cyclesin which are
Pi>0,75 Py.

- Mizuhata & Nishigaki [3] model similarly as Park’s
model defines damage ratio as linear combination
of plastic deformation (ductility) and energy
dissipation as the result of maximum deformation,
failure deformation under monotonic load, number
of real cycles with specific deformation and the
number of cycleswhich leadsto thefailure. Park’'s
model uses coefficient 3 as an increment of
dissipated energy resulted by cycle failure, and a
limit deformation as ductility.

Structure modelling is the most important phasein
dynamic problem design. Structural model and type of
analysis are directly connected and it is impossible to
treat them separately. The structural model has to
satisfy two requirements. The real interpretation of
structural dynamic properties. periods and shapes and
it has to be in function of study aims. The relation
between dynamic properties of structure and dominant
earthquake frequencies determines dynamic
amplifications of structural loads. The levels of
earthquake analysis errors depend on at the least the
precise phase of calculation. It is usually the
earthquake ground motion. It means that the most
sophisticated model of structure does not mean
absolute correct calculation. That is the reason which
judtifies simplifications in structure modelling. Fajfar
[4] describes the structure by two combined models:
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Detailed model is used for the anaysis of stiffness
matrix and dynamic properties of the structure.
Transformation of detailed model by condensation
process defines simple SDOF model of the structure
accurate for non-linear dynamic time-history anaysis
of structural response.

It is quite clear that the modelling of the structure
and damage ratio analysis are fields well developed in
earthquake engineering literature, and that these
knowledge should be used and combined. The missing
field is the connection between theoretical damage
function and numerical calculation’s results.

Intention of this paper is to connect calculation’s
results with the damage model and to declare damage
ratio as a deterministic measure of structure's damage
state after the earthquake.

2. DAMAGE RATIO MODEL FOR
REGULAR STRUCTURES

Regular structure is a plane symmetrical building
with constant vertical stiffness.

Seismic response of structures is possible to
interpret by dynamic, time-history calculation, where
the earthquake is given as digital time function of
ground acceleration.

The regular structure can be modelled as SDOF
system with the following structures parameters:
weight (W), elastic stiffness (Ky =(BS), /W), elasticity
limit base shear (BS),, damping (X) and post-elastic
behaviour (idealized hysteresis model). Index )
declares damage starts point. All mentioned parameters
are in function of structure material and failure
mechanism.

Based on the in background chapter mentioned
damage models, new origina deterministic declaration
for the damage ratio is analyzed.

The level of structural damage (damage ratio DR)
can be described by the combination of the following
calculated structure response parameters:

1. Displacement ductility (D) defines the measure of
post-elastic region in which structure was during
the earthquake.

2. Maximum base shear force (BS), 5, and maximum
top displacement u,,,,, defineresidual stiffness (K')
of the structure at the end of the earthquake.

Table 1 Physical interpretation of damage coefficient

3. Number of yield excursions (Ny) and hysteresis
energy (Ey) define post-elastic cyclic nature of
damage ratio developing.

Thefirst two parameters define damage mechanism
under monotonic load and the third one takes into
account cyclic failure. Similar as in the mentioned
damage models, damage coefficient ratio OR) is
defined as linear combination of these two groups, as
follows:

DR:3—1O[D+DK+3./ZNYEH w)

where:

- D=umaXjuwy is displacement ductility demand,

- DK=Kg/K' is relative degradation of stiffness
a the end of earthquake,
Keg.=(BS)y /W isinitial structure stiffness,
K’ =(BS)ay /U™ isresidual secant stiffness of
structure after the earthquake,

- (Ny) is number of yield excursions reached
during the earthquake,

- Ex/Wishysteresis energy per unit of structure
mass, dissipated during the earthquake.

Damage ratio is a linear combination of plastic
deformations, stiffness degradation and energy
dissipation of structure during the earthquake time.

It's main function in the damage model is to
describe condition of structure after earthquake. In
such approach value of damage ratio can be used in
two directions:

1. To declare decreased residual seismic resistance
and increased residual damping coefficient of
structure using the following two formulas (Figures
1and 2):

S?ESDUAL: INITIAL . 11~ DR @)

X INITIAL

N ‘1- DR) &

2. Implementation of damage ratio values (DR) in pre
or post earthquake damage analysis.

That is solved by the connection damage ratio
values OR) with the values of damage level
identification (S), defined in the Croatian codes for
post disasters damage assessment.

These relations are presented in Table 1.

x RESIDUAL _

Damageratio (DR) Sructural damage description Poss biIitiespf techni(_:al and Code daronage !evel S
economic reparation (1° to 6°)
0<DR<0,3 insignificant repairable 1°-2°
0,3<DR<0,5 moderate repairable 3°
05<DR<0,8 severe repairable 4°
0,8<DR< 1,0 heavy repairable 5°
10< DR extremely high level or collapse non-repairable 6°
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Fig. 1 Decrease of initial seismic resistance as a function of
damage ratio (DR)

3. EXPERIMENT SPECIMEN
DESCRIPTION

Approach and damage model, described in
previous chapter should be checked. Valorisation will
be done by comparison with the results of experiment
CAMUSS3 done by Camus working group (July 2000.),
TRM-ECOEST 2 Research programme in EMSI
Sacley, France[5].

31 Geometrical description

The 1/379 scaled mode! to be studied is composed
of two parallel 5-floor R/C walls without opening,
linked by 6 square floors (including the floor connected
to the footing). A heavily reinforced concrete footing
alows the anchorage to the shaking table.
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Fig. 2 Increase of initial damping coefficient as a function of
damage ratio (DR)

The dimensions of the different parts are the
following ones:

- wal: length=1,70 m, thickness=6,00 cm,
height=0,90 m(by storey)
- Floor: length=1,70 m width=1,70 m,

thickness=0,21 m
- Footing: length=2,10 m, height=0,60 m,
thickness=0,10 m

The total height of the model is 5,10 m.

The walls are loaded in their own plane. The
stiffness and the strength in the perpendicular direction
areincreased by adding some latera triangular bracing.
This system has reduced the risk of failure which might
be induced by some parasite transversal motion or a
non-symmetric failure of the structural walls. Lateral
bracing is such that the two walls carry the entire
vertical load. Picture and plan of specimen before test
isshown in Figure 3.
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Fig. 3 CAMUS3 specimen in EMS Sacley laboratory
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32 Material characteristic 3.3 Massdescription

The total mass of the specimen is estimated to be
3.2.1 Concrete about 36 tons, about 18 tons on each wall. Wall mass

distribution along the height is shown in Figure 5.
The results of the usual compressive tests on

160 mm diameter cylinders show the following
average values:

- Strength f.=39,6 MPa,

- Young modulus E=31139 MPa,

- Poisson ratio u=0,197.

3.2.2 Stedl reinforcement

The specimen CAMUSS3 has reinforcement follows
the Eurocode 8 provisions. The diameters of the
longitudinal reinforcing bars used are 4,5; 5,0; 6,0 and
8,0 mm. The 500 MPa yielding stress was specified.
The transversal and confinement steel reinforcement
also follows the EC8 provisions:

- Shear strength is ensured by 2 layers of 4,5 mm
diameter horizontal HA steel (one layer on each
face) with 175 mm spacing in the storeys 1 and 2
and 190 mmin the storeys 3, 4, and 5.

- In plastic hinge region stirrups made of 3,0 mm
diameter bars have been placed on each side of the
wall. The stirrups spacing is respectively 20 mm Fig. 5 Wall mass distribution along the height
and 40 mmfor the 1%t storey and the 2" storey. The
stirrups are closed with 90° hoops.

- Tensle yield and failure stresses d‘y/ f,) for the

different reinforcing steel bars were: 34 Loading program

F 3,0 mm (814/849 MPa); F 4,5 mm (814/849

MPa); F 5,0 mm (814/849 MPa); F 6,0 mm (814/ The synthetic signal NICE S1 representative of the
849 MPa) and F 8,0 mm (814/849 MPa) French design acceleration spectra has been used as
Reinforcement of specimen is shown in Figure 4. an input signal. The time scale of the plotted signalsis
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Fig. 4 Reinforcement plan of specimen
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aready modified in order to take into account the
geometrical scale. An intermediate test has been
performed with the signal MELENDY RANCH
representative of a near-field moderate earthquake.
Thissigna is short but has a high value of acceleration
and its frequency content corresponds to the natural
frequency of the specimen. Both time-histories and
response spectrums for 2%, 5% and 10% are shown
on Figure 6. The experiment loading program is given
in Table 2.

MELENDY RANCH i nput

NICE input

Fig. 6 Loading input time-histories

Table 2 The loading program of the specimen

LOADING INPUT | SCALEFACTOR
PHASE NUMBER TIME HISTORY alg
1 NICEr6 0,22
2 MELENDY r2 1,35
3 NICEr8 0,64
4 NICE r10 102
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35 Results of experiment

The presentation of main results of the experiment
shall be presented, in this chapter, by tables and figures
from Final Report [6], without any comments.

3.5.1 Dynamic behaviour of the specimen

Table 3 Dynamic behaviour of specimen

AFTER AFTER|AFTER AFTER
TEST INITIAL NICE MELEN.[ NICE NICE
022g 135g(064g 1029
NATURAL
FREQUENCY 6,88 6,44 45 43 4,49
(H2)
DAMPING (%)
(Natural 194 281 37 54 33
frequency)
DISPLACEMENT
RESPONSE (H2) 6,9 6,0 37 30 23

3.5.2 Globa experimenta results

3.5.21 Base shear - top displacement relations

Table 4 Base shear - top displacement relations

NICE |MELENDY| NICE | NICE

TEST 0229| 1359 0649|1029
BASE SHEAR FORCE
151 | 124 | 14
(B (KN) ‘B 0

DISPLACEMENT of

FIETH FLOOR Unex (Cm) 0434 2920 |2,750| 4,710

3.5.2.2 Displacements of the fifth floor
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Fig. 7 Displacements response of specimen
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3.5.2.3 Base shear - top displacement relations

4

g 3 T (B

Y kB oo oH ok

Pk b e TX RN}

@Eaplacamer, OXE im]

Fig. 8 Base moment - top displacement & base rotation relations

3.5.3 Damage pattern

Description of specimen damage from the Final
Report [6]:

Cracks were observed before the tests. These cracks
appeared during the assembling of the specimen on
the table and particularly during the tightening of the
walls on the floors. The main of the cracks were
localised at the construction joints. At the top of the
specimen we observed on each wall the same crack, in
the middle of the walls, in a diagonal direction.

No new cracks (or extension of the existing cracks)
appeared until the “MR r2” test (1,35 q). Severe
damages wer e observed on two wall after thetest “ MR
r2". Animportant crack appeared at the base of each
wall along the width. The beginning of spalling was
observed at the extremity of the walls. Other cracks
were distributed along the 3 first storeys, especially in
the diagonal direction. No new cracks (or extension of
the existing ones) were observed along the 2 last
storeys.

We naticed a dlight growing of the cracks after the
test “ Nicer8” (0,64 q).

Finally, after the last test “ Nicer10” (1,02 g), the
specimen was heavily damaged at the base, on each
wall. On theright wall, spalling at the sought extremity
made the steel reinforcement visible. On the left wall,
the stedl reinforcement was visible at two extremities.

During the disassembling of the specimen, we
observed that all the vertical stedl reinforcement bars
were broken on the left wall, with buckling of the
vertical steels. On the right wall, buckling and failure
of the steel bars appeared for the vertical steels at one
extremity. All other vertical bars were broken. The
breaking zone of the stedl s followed the main cracks at
the base.
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4. NUMERICAL INTERPRETATION OF
SPECIMEN TEST (THE SIMPLIFIED
NON-LINEAR ANALYSYS)

In this part of the paper response and damage andysis
of specimen's responses for all phases of experiment is
given. The analysis consist of the following steps:

4.1 Creation of the initial SDOF model and
conception of calculation approach

SDOF modd of specimen will be the modd of one
wall of specimen. It is necessary to define the following
parameters of the mode: weight (W), damping (X %),
dadtic stiffness (Kg, ), post-dadtic stiffness (Ky) andyield
base shear (BS)y, dl for theinitial state of specimen:

a Weight in the base level is known: W=165 kN

(so=1,6 MPa),

b) Damping is assumed (R/C wall) with initial value

XL = 2%

) Initial elastic stiffness Kg =(GA/1,2h) [(1/1+3,33

(GIE) (h/1)2]=227 kN/cm,

d) Post-elastic stiffness Ky=0,55 K, (R/C wall post-
elastic stiffness based on residual shear stiffness);
€) Dynamic properties m=W/g=0,168 kNsec/cm,

T=2p./m/Kg =0,171 sec, f=5,85 Hz;

f) Yield base shear (BS)y in function of failure
mechanism: BENDING or SHEAR capacity must
be determined by the following steps:
Cross-section properties:

Concrete C 40/50; A=1020 cn? (b=6 cm; hy=170
cm, h=157,3 cm)

Reinforced steel f,=500 N/mm?; As=As'=2,9 cn¥?
ALIN=20 c?/m’

Axid load N=165 kN, s ;=1,6 MPa.
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Fig. 9 Evolution of the cracking of the specimen’s walls

A) BENDING BASE CROSS SECTION CAPACITY

CAPACITY VALUES are calculated using limit
state method. Interactive bearing and deformation
diaphragms are shown on Figure 10.

Resulting capacity post elastic vaues, for axia load
N=165 kN, are:

- ultimate bending moment MY=442 kNm

- yield bending moment MY=375 kNm

- ultimate rotation j Y=0,021

- yied rotation j Y=0,0035

- rotation ductility D=5,90

Yield horizontal load distribution:

According to the equivalent static forces method
with level high () and level mass (G;) (Figure 3)
resulting yield base shear is given as:

(BS),BENDING=MY/3,29=375/3,29=115 kN

B) SHEAR BASE CROSS SECTION CAPACITY

CAPACITY VALUES défined in [7]:

Ve=0.17* .[(' c) and g4=Vv,,/G - cracking shear

and deformation,

vy=fy*r and g~=v,/G and G.=rnG - yielding

sﬁear and deformation,

Var=Ve™ Agross ad dg,=H* g, - cracking force and

displacement,

Vy=Vy* Agross and dy=Hxg, - yielding force and

displacement,
where r = ratio of traverse reinforcement; n = ratio
between steel and concrete elagticity module; G = shear
modulus, Ay =concrete gross area and H=wall height.

According to the presented procedure resulting
“shear” yield base shear is:.

(B9, EAR=vy= 324 kN

Accepted initiadl SDOF yield strength (yield base
shear) is (BS)y=115 kN, according to the bending
failure mechanism.
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Fig. 10 Interactive bearing and deformation diaphragms of base cross section of wall

4.2 Calculation approach

Calculation approach is based on the assumption

that the results of previous phase define initial state of
SDOF model for the next phase.

The results of each phase calculation are:

- Time-history displacements response of
structure (maximum value u™maX) and FFT
analysis in frequency domain of that response.

- Base shear BS) - displacement hysteresis
during the all response time.

- Number of yield excursions reached during the
response (Ny).

- Cumulative energy balance with energy
dissipated by hysteresis, during the earthquake
(En.

- Displacement ductility demand (D=umax/uY).

Based on the results of SDOF model’s response,

two steps of its analysis are necessary:

36

1. To calculate damage of structure by damage
ratio (DR) after each phase (according to
Eq. (1)).

ENGINEERING MODELLING 14 (2001) 1-4, 29-44

2. To cdculate new parameters of SDOF model for
next phase:
- Elastic dtiffness K' g =(BS) g, /U™ from
previous phase (residual secant stiffness);
- Residual yield base shear (according to Eg.
(2);
- Increase of damping coefficient (according
to Eq. (3)).
In such a manner the modified initial SDOF model
presents structure at the beginning of next phase.

4.3 Simplified non-linear analysis (Results of
provided calculations)

All calculations are provided by program NONLIN
[8], step by step time-history numerical integration.
The results of provided analysis (time-history of top
displacements with FFT analysisin frequency domain,
base shear-displacements hysteresis response, yield
excursions and cumulative energy transformation) are
given, for all four phases of the experiment.
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4.3.1 Phase 1.

Input load: NICE 0,22 g, Figure 11.

KTZh .73 Inarmmal)
b Al s b Al i LRl B el D DT
S e .
______ O
. R
e | il
Lo ] FLya [ Y11
S 1
il '
Y I
L] 4.2 Gl el R B T I ST R T
Fimey aeoowds
Fig. 11 Input load NICE 0,22 g
Table5 SDOF model parameters, phase 1
Weight Stiffness Strstali?fnhezrd. Weldystrength \ﬁelcidisplac. Damping F;enrciiggn. frgq)ﬁ:élni:y
1(0
W (kN) KeL (kN/cm) K" (kN/cm) S (kN) u (cm) T (%) T (sec) t (H2)
165 227 125 115 0,507 2 0,171 5,85
Structure response, phase 1:
Sormallyad Iever gl Tole
,a | = HIMTECCE T gy C " | Tim1e, e _
L | :
I e in I | 3
- A B W_'—— 0 ' ) :
e 2.0 h.d A 1.1 Le.I n2.n 1.1..r\- TR b:uﬂ'.ﬁ N 'l 0,0 L Y N L ] h.l; .1'.1- M 3d- 1 - th- e
Fig. 12 Response displacement time-history Fig. 13 FFT analysis Fig. 14 Time-history of yield excursions (Ny)
28, 04 i L L .
: I
12,449 —
J— z'i
Gy g ! [
'19,0{' (B |
. 1.
- -
| -
-38,00 T T s ma e e
~2,00 -1,00 o,00 1,40 2,04 L T T e
Fig. 15 Base shear (BS) - displacement hysteresis Fig. 16 Cumulative energy balance
Table 6 Summary of response values, phase 1 Table 7 Summary of damage analysis, phase 1
max  Displ. y s Key Ex DR | S/ | i™
e B(i'rff)\X (kllil/cm) (klingr;) (|05/2) O 1k ] ™ | ovom [Ea )] Ea. @) | Ea )
(H2) <1 1 0 0 000 | 115 | 200
0,428 6,0 0,507 | 36,34 227 47 0
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4.3.2 Phase 2.

Input load: MELENDY RENCH 1,35 g, Figure 17.

meleniy 1359 Inamais 3
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T
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el T A0 B0 &3 L0 LEE wden oH0 LEie e

Tires fecwnds
Fig. 17 Input load MELENDY RENCH 1,35 g
Table 8 SDOF model parameters, phase 2

Weight Stiffness agfrf]nr;gd. Vield srength | Vield displec. | Damping Fg;‘:gz" fr;f;ccy
1(0
W (kN) Kew (kN/cm) K" (KN/em) S (kN) u (cm) i (%) T (se0) f (H2)
165 227 125 115 0,507 2 0,171 5,85
Structure response, phase 2:
- Frremllzed r.-.ur:ar":m---.m
w1
o oo
. Lruplatsasanl. = U,k i ——— TR o
T | | . T e . . _!__ || || :
[ . M_ ... ﬂ i . | )
T e——F T
—sun L B 1z - A TH : i : _
Sl 2.2 A2 L=z 1.2 L =R =N 'IE.I'! e Fn n, o HTR] m, N Al s Ly B G 5 C oz g LEe 4% W g &g
Ilauy umenal: * 1w . Erenedr
Fig. 18 Response displacement time-history Fig. 19 FFT analysis Fig. 20 Time-history of yield excursions (Ny)
224,00 =
|
112, 00 I[ 'I \t\- -
NCER
000 I\‘ 1\,\ }.\ b
\ Q| 1‘\\
-112,00 LY\ %{Ai s
W
ISR
w224,00 "
-4,00 -2, 00 0,00 2,00 4,00 N
Fig. 21 Base shear (BS) - displacement hysteresis Fig. 22 Cumulative energy balance
Table 9 Summary of response values, phase 2 Table 10 Summary of damage analysis, phase 2
max  Displ. y «C KeL = DR | 57 | ™
u freg, u BSvuax K Etor Ex D KEC Ny (Nem) | Eq. (1) | Eq. @) | Eq. (3)
(cm) (em) | (kN) KkN/cm) (kNcm) (%)
(Hz) 575 | 375 | 54 | 1878 | 0599 | 73 316
2911 585 0,507 | 176 61 2645 71
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4.3.3 Phase 3.

Input load: NICE 0,64 g, Figure 23.
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Fig. 23 Input load NICE 0,64 g

Table 11 SDOF model parameters, phase 3

Weight Siffness S;"f?nrgd' Yield strength Ylelo)Il displac. Damping F;er;?ggm fr(e:q?/lftlalr(]:cy
1 (0
W(kN) KeL (kN/cm) K" (KN/em) s’ (kN) u (cm) 1 (%) T (se0) f (H2)
165 61 33 73 1,202 3,16 0,331 3,021
Structure response, phase 3:
o
|
Doxp-mzamank, = B o ) Tl Crn
fonn - r
l - !
I, an I
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Fig. 24 Response displacement time-history
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Fig. 27 Base shear (BS) - displacement hysteresis

Table 12 Summary of response values, phase 3

Fig. 25 FFT analysis

“lwe. fnegnle

Fig. 26 Time-history of yield excursions (Ny)

Bmigy. -k
- L.

e T - 1 I
: !
—y i
[ .
s 4 L
-1
1 |
2,1 | l i
1 ,| H
| r..J - !
H '
1 -
[ N N T N T T L RS
L
Fomlrg s Balrrckle % wkl= 1 thores
LIS R

Prakoeri-

Fig. 28 Cumulative energy balance

Table 13 Summary of damage analysis, phase 3

max | Displ. y s Key Ex DR | ™ | 1™
em | | om B(i'rff)\X kll\<l/cm) (kIIE\lT(?r;) (|05/2) ° Lk | W o [Ea (] Eo 2 | Ea 3

(H2) 234 | 161 | 15 | 638 | 026 | 63 | 367
2806 | 300 | 1207 106 | 38 | 1064 | 60
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4.3.4 Phase4.

Input load: NICE 1,02 g, Figure 29.

oice 1.03 g
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Fig. 29 Input load NICE 1,02 g
Table 14 SDOF model parameters, phase 4
Weight Stffness | Srain hard. {4 srength | Vield displac. | Damping | FUndam Cyclic
W(Kn) | Kew (kNiem) | SHffness S'(kN) o (am) T (%) period frequenc
K" (kN/cm) T (sec) f(H7)
165 38 21 63 1,663 3,67 0,420 2,381
Structure response, phase 4:
Lo ll.'vnllli‘:i Fln’\- |'-"\-|'| _T_EL_
L.
0.4
5,07 ohueeeail, 5 vty 1 ¥inle fodnm I
1,4z ) “l'u'l'.'!”..' ] U, AU | . ||||| | t '
-_ '""f'j‘l".r . 'I".!,J I'l:l. /U7 EPIR L :
iIJ .|. I ||I|I VX - _ | |H | ; :
P | ]
=iy n7 — - -l . n.,.m'd thTHA.. i . . ——— _! ________j__
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Tioe, dwcusdy

Fig. 30 Response displacement time-history
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Fig. 33 Base shear (BS) - displacement hysteresis

Table 15 Summary of response values, phase 4

Fig. 31 FFT analysis

1w, ERFOOR

Fig. 32 Time-history of yield excursions (Ny)
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Fig. 34 Cumulative energy balance

Table 16 Summary of damage analysis, phase 4

Displ. y s KeL = DR | /& [ 1™
umax u BS\AAX K ETOT EH D SFC NY

freq. o K (KNem) 1 Ea. (1) | Eq. (2) | Eq. (3)
©m | iz | ©m | N ((kN/em)f (kNem)) (%) 2668 | 133 | 28 | 1356 | 0337 | 51 | 451
4437 | 240 | 1663 126 | 28 | 2260 | 60
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5. COMPARISON OF RESULTSAND
DISCUSSION

51 Response parameters comparison

Response parameters val ues given by SDOF model
analysis which is possible to be compared with test
results are: the maximum response displacement (umax)
with its frequency and the base shear BS) in each
phase, and changing values of damping coefficient (x),
during the test, after each phase. Comparison is given

by the following tables and figures.

Table 17 Top displacements [u (cm)] comparison

PHASE OF RELATION
TEST EXPERIMENT| CALCULATION (Cal /Exp))
NICE 0,229 0434 0,438 101
MELENDY
1.35¢ 2,920 2,911 1,00
NICE 0,649 2,750 2,806 1,02
NICE 1029 4710 4437 094
Table 18 Base shear [BS (kN)] comparison
PHASE OF RELATION
TEST EXPERIMENT| CALCULATION (Cal /Exp)
NICE 0,229 48 36 0,75
MELENDY
1.35¢ 151 176 1,16
NICE 0,649 124 106 0,85
NICE 1.029 140 126 0.90

Table 19 Frequency of displacements response change

comparison
PH¢§SFOF EXPERIMENT|CALCULATION ?g;ﬁgopg‘
INITIAL 6,90 6.00 087
AFTOE;Z’:]}ICE 6,00 6,00 1,00
MECEFI-\II-.E 1R 35q) 370 3,00 0,81
AFTOEEZI’{\]“CE 3,00 2,33 0,78
AFTlEgzgl CE[ L 200 .

Table 20 Damping of specimen and SDOF model change

comparison
e |ExPERIMENT|cacuamion| (AT 0N
INITIAL 104 200 103
AFTERNICE[ g 00 -
MEl/jEFr\TJ.E1|?35q 3,70 3,16 0,85
AFTERNICE[ ¢ g o7 o
AFTERNICE 3 o aot P

EABE ZHEAR-INEFLGCEMENT RELATION

-~ EXFERINENT -8 1 CLILATIR, (551 U-as

SR ———

EWEE SHEAR: 36

SLETH AR EUEUT [pp)

Fig. 35 Base shear-displacement envelope
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Fig. 36 Response frequencies envelope
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Fig. 37 Damping coefficient envelope
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It is significant a very low level of differences
between directly measured and calculated maximum
displacements in all four phases. That fact approved
all presumptions of calculation approach and basic
hypothesis for elastic and post-elastic behaviour of
analyzed structure.

Differences between “measured” and calculated
values of base shear can be caused by procedure of its
determination. “Measured” value is in function of
measured acceleration, while calculated value is
produced by summing inertial, damping and spring
component of base shear.

Envelopes of base shear-displacement relation
given by measured and calculated values show the
same differences in stiffness caused by differencesin
base shear values, but the similarity in envel ope shapes
shows an acceptable interpretation of behaviour and
mechanism given by calculation.

Differences between displacements response
frequencies caused evidently due to the differencesin
stiffness are influenced by the space stiffness of
specimen. Floor structures evidently increase global
stiffness of specimen structure, which wasignored in
SDOF modd.

Huge differences in damping coefficient after phase
3 and phase 4 are caused by non-logic change in
“measured” values of damping. Vaues “must” increase
after each phase in which post-elastic deformations
happened. Strong increasing after phase 3 (in which
damage anaysis shows low increase of damage) and
equal strong decreasing after phase 4 (in which damage
analysis showsincrease of damage) is confused.

52 Damageanalysis
Let's see the basic parameters of SDOF model

characterizing specimen at the beginning of the test and
the same ones at the end of the test.

Table 21 SDOF model parameters at the beginning of test

Basic global parameters of structure: stiffness,
damping and its increase, and yield strength with its
degradations, can show the state of structural damage.
Using relations defined with Egs. (1), (2) and (3) for
each phase of the test, decrease of yield strength increase
of damping and damage ratio were calculated. At the
end of test cumulative value of damage ratio was:

DReyumuLamve=0:599(1+0,26+(0,26-0,337))=0,81
and the global relations of “damage” parameter is
shown in Table 23 and Figures 38, 39, 40.
Let’sremind, in Chapter 3.5.3, damage descriptions:
“No new cracks (or extension of the existing cracks)
appeared until the“ MR r2” test (1,35 g)”
“ Severe damages were observed on two walls after
thetest “MRr2"”
“We noticed a dight growing of the cracks after
thetest “ Nicer8" (0,64 g)”
“ Finally, after thelast test “ Nicer10” (1,02 g), the
specimen was heavily damaged at the base, on each
wall.”
Compare it with cumulative values of damageratio
after each phase:
After phase 1. Nice 0,22 g DR=0,00; S=0
No damage

After phase 2. Mel 1,35 g DR=0,60; S=4
Severe damage, repairable

After phase 3. Nice 0,64 g DR=0,75; S=4
Severe damage, repairable

After phase 4. Nice 1,02 g. DR=0, 81; S=5
Heavy damage, repairable

It is possible to declare that the proposed damage
model DR, Eg. (1), and the residual values of seismic
resistance S, Ea. (2), and damping x, Eq. (3), quite
correctly define the level of damage and residual state
of structure after earthquake.

Residua yield resistance was 0,443 of initia and
damping coefficient was 2,255 of initial. These
parameters define state of specimen at the end of test.

. . Strain hard. . Fundam. Cyclic
\\/IVV((EII(I%BI K S“(flzrr:l%sm) stiffness \ﬁengs(tlLt\alr)w gth [ Y1 e'u‘i ?érsnp)l ac. Damping T (%) period frequency
EL K" (kN/cm) T (sec) f (H?)
165 227 125 115 0,507 2 0,171 5,85
Table 22 SDOF model parameters at the end of test
. . Strain hard. ) Fundam. Cyclic
\\//Vv((ell(%r;t K Stl(f}f(r:]/ezsﬂ) giffness Wengs(:tkrlc\elr; gth ¥ du?/ ?ésmgl ac. Damping T (%) period frequency
EL K" (kN/cm) T (sec) f (H2)
165 28 16 51 1,796 451 0,480 2,07

Table 23 Damage analysis at the end of test

RESIDIUAL RESIDIUAL YIELD CUMULATIVE
STIFFNESS STRENGTH RESDIYAL DAMPING ) \vaGE RaTio  Codedamagelevel (S
KRES | KINIT. SFES g, INT (A DR comuLanive (1° to 6°)

28/ 227 = 0,123 51/115= 0,443 451/ 2= 2,255 0,81 5°- HEAVY
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Concentration of damage was at the base on each
wall of specimen, which means developing of plastic
hinge caused by bending moment. That fact makes
initial analysis of failure mechanism correct.

DAMAGE PATTERN

[em=Cvid*aE RATIC (LRI

an-
SEINIC RERIITANCE DECREASE

[ A5 T I BASE BHEAR B a

140

DR eoalfeleni

A

% o,3+
g .8
g
=
0.1
o4 - i
0
o 1 T 3 +
AETER PHATE OF IXPERIMENT Mo
204 Fig. 40 Damage ratio (DR) of specimen
. 6. CONCLUSIONS
D 1 2 1 +
AFTER PHASE OF EXPERIMENT Na Seismic response of regular structures (symmetric
plans and constant vertical stiffness) can be well
Fig. 38 Nominal seismic resistance interpreted by using SDOF system as a mathematical
model of the structures. Response parameters of
RELATIVE STIFFNE2S DEGRACATION structure as ductility, stiffness change, energy balance
_ and a number of plastic excursions can describe areal
|+E)CPERIIIENT -l-Cﬁ_IT_t_;lJLATIDHl Ie\/el Of Stl'l.lCtUl’aI damage
' o It was confirmed by comparison of all these values
. measured during CAMUSS3 experiment and the
' | calculated ones.

Proposed method of calculation is quite acceptable
for regular structures earthquake analysis in
engineering practice.

Levd of structural damage (damage ratio DR) can
i be described by combination of the following
calculated structure response parameters: displacement
ductility (D), stiffness degradation (DK), number of
yield excursions (Ny) and hysteresis energy (E) per
mass unit, by the formula:

ar

_‘_ \ DR:3_10[D+DK+3./(NYEH /Wj]
22 : . It is possible to declare decreased residual seismic
\‘\\- resistance and increased residual damping coefficient

ag—-:- |

j

-]
-

RELATIVE STIFFHESS

=
[

At - of structure after earthquake using the following two
formulas:
a T r 4
1 1 z 1 4 RESIDUAL _ gINITIAL ,, r(—)
AFTER PHASE OF EXPERIMENT Ho Sy - 1-DR
INITIAL
o RESIDUAL _ X
Fig. 39 Relative stiffness degradation /(l- DR)
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MODEL SEIZMIEKE OSJETLJIVOSTI ZA PRAVILNE KONSTRUKCIJE

SAZETAK

U radu se analizira model koeficijenta oStezenja pravilnih konstrukcija pri potresu. Pri tome se usvajaju sljedeze
pretpostavke:
Odaziv pravilne konstrukcije (simetrieni tlocrt i konstantna vertikalna krutost) pri djelovanju potresa
moze se korektno odrediti koristezi sustav s jednim stupnjem slobode (SDOF) kao matematieki model

konstrukcije.

Parametri odaziva konstrukcija kao $to su duktilitet, promjena krutosti, kumulativna analiza oblika
energije tijekom potresa i broja ciklusa u kojima dolazi do prekoraéenja granice elastienosti , mogu

opisati stvarno dosegnuti nivo oStezenja konstrukcije.

Na temelju nekih prihvazenih modela koeficijenta oStezenja, poznatih i prihvagzenih, predlaze se prilagoden
mogugnostima proraeuna, originalni izraz za izraéun koeficijenta oStezenja konstrukcije nakon potresa.

Navedene pretpostavke i toenost predlozenog modela za analizu oStezenja vrednovana je usporedbom rezultata
proraéuna provedenih u skladu s predloZenim modelom s rezultatima provedenog eksperimenta Camus3 na
vibroplatformi u EMSI u Sacley Francuska.

Kljuéne rijeei: model seizmiéke ogjetljivosti, pravilne konstrukcije, odredivanje seizmiéke otpornosti.
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