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1 INTRODUCTION

The aim of the present report is to supply the identification results from the tests performed with
a laboratory model of a plane 6-storey, 2-bay scale 1:5 RC-frame at Aalborg University,
Denmark during the autumn 1996. The tests were performed as a part of a Ph.D. study
considering evaluation of damage in RC-structures submitted to strong motion excitation.

The details of the tests and the construction of the frame, respectively are presented in a report
, Skjerbak et al. [1] describing the experimental test programme.

The tests were performed with three set-ups named AAU1, AAU2 and AAU3, respectively. Each
of these set-ups was dynamically tested by pull-out excitation, weak earthquake excitation and
strong earthquake excitation. These different tests have been used to estimate the modal
parameters of the undamaged as well as the damaged structure. Before the model was subjected
to the strong earthquake excitation free-decay tests and weak motion excitation were performed.
For set-up AAU2 and AAU3, these free-decay test were performed with three different pull-out
forces. After the tests of the undamaged structure an earthquake excitation was subjected to the
structure. Artificial earthquakes giving an excitation in the first mode for AAU1 and AAU2, and
in the second mode for AAU3, respectively were used. After the earthquake test pull-out test were
performed again.

In order to analyse the measured time series well-proved system identification techniques have
been used. The free-decay time series were analysed by means of the ARV, ERA, Polyreference
and ARMAY techniques, see e.g. Pandit [2], Juang [3], Vold [4], Kirkegaard et al. [5]. The time
series from the earthquake tests were analysed using a recursive time domain implementation of
the ARMAYV technique, Kirkegaard et al. [5]. Only the two lowest bending modes in the plane
will be considered in the identification process.

The report is organized in 6 chapters. Chapter 2 shortly presents the RC- frame and test
equipment. Thereafter 3 chapters are following, presenting the results from frame AAU1, AAU2,
and AAU3, respectively. The results are summarised in chapter 6 and comments to the results are
given. At last in chapter 7 and 8, respectively acknowledgements and references are given.



2. PRESENTATION OF RC-FRAME AND MEASURED DATA

This section gives a short presentation of the test frame and test set-up. For a detailed description
of the structure and data acquisition system, see Skjarbak et al. [1].

2.1 Description of Frame Structures AAU1, AAU2 and AAU3

All the 6 frames considered in the test series were constructed identically. The test frames
considered are 6-storey, 2-bay RC-frames. The dimensions of the test frames are 2400 by 3300
mm. Corresponding to a "real" structure with dimensions 12 by 16.5 m. The test frame is build
of 50 by 60 mm RC-sections reinforced with 6 mm KS410. A plane view of the test frame is
shown in fig. 2.1. The weight of each frame is approximately 200 kg. To model the storey deck,
8 RC beams (0.12*0.12%2.0m) are placed on each storey. The total mass per frame is then 2000
kg. The experimental set-up is shown in figure 2.2. The frames were tested in pairs of two, where
the storey weights are modelled by placing the RC-beams in span between the two frames. Each
of the two frames were instrumented with Briiel & Kjer and Kistler accelerometers at each
storey, see figures 2.6 and 2.7. The excitation of the structure was performed in two ways. Either
by moving the shaking table as illustrated in figure 2.2 or by applying a force at the top storey
which was suddenly released by cutting a thin thread as illustrated in figure 2.5. However, AAU1
was free-decay tested by means of a rope attached to the top storey beams.
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Figure 2.1 : Plane view of test frame

All longitudinal reinforcement, see figure 2.3 , used in the frame are of the type KS410 (ribbed
steel) with a characteristic (2 % fractile) yield stress of 410 MPa . In table 2.1 the yield £, the
ultimate 4, and the modulus of elasticity E are listed for three reference specimens of the used
reinforcement bars.
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Figure 2.2 Experimental set-up of the test frames.

To avoid overlapping longitudinal reinforcement causing uncontrolled changes in bending stiff-
ness and strength the longitudinal reinforcement bars are ended with anchoring steel-plates
welded to the reinforcement. The concrete used has a design compression strength of 20 MPa
with a maximum aggregate diameter of 5 mm. For each frame is used approximately 80 1
concrete. The columns in the lower storey are reinforced for shear with 3mm steel thread which
has been formed into spirals.
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Figure 2.3 Main reinforcement in frame. All measures in mm.



The dimensions of the beams and columns in the frame are constant all over the frame with outer
measures of 50 x 60 mm. Columns are reinforced with 6 6 mm KS410 (ribbed steel) and beams

with 4 6 mm KS410, see figure 2.4.
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Figure 2.4 Cross-section of beam and columns.

Es *10 ~5 [MPa]

Test Specimens No. £, [MPa] [ IMPa]
1 535 642 2.003
™ 535 644 1.842
3 542 650 2.013

Table 2.1 Steel parameters from three reference specimens of the used reinforcement bars.
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Figure 2.5 Excitation setup used for free-decay tests of AAU2 and AAU3.




In all the three set-ups AAU1, AAU2 and AAU3 each of the two frames in the set-up was
installed with accelerometers. Set-up AAUI was installed as shown in figure 2.6 with
accelerometers at all storeys on one of the frames an accelerometers on the 2nd, 4th and 6th
storey of the other frame. Furthermore, displacement transducers were present at the top-storey
on both frames. Two accelerometers (15) and (16) in figure 2.6 measured the out of plane
accelerations. The instrumentation of AAU2 and AAU3 was different from the one of AAU1, so
accelerometers were present at all storey of both frames.
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Figure 2.6 Instrumentation for frame AAUI.
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3 ANALYSIS OF TESTS MEASUREMENTS FROM FRAME AAU1

In this chapter the results from the system identification of frame AAU1 are presented.

3.1 Description of test data from frame AAU1

The files with the data from the performed tests with frame AAU1 are named in table 3.1.

fdl_b00.dat Free decay in the plane, No. 0. (before accident)
fd1 bO1.dat Free decay in the plane, No. 1.

fd1 _b02.dat Free decay in the plane, No. 2.

fd1l b03.dat Free decay in the plane, No. 3.

fd1 _r01.dat Free decay in rotation, No. 1.

fd1 r02.dat Free decay in rotation, No. 2.

fdl r03.dat Free decay in rotation, No. 3.

wml _ta0l.dat Type a earthquake with intensity 1 % of max.
wml tb01.dat Type b earthquake with intensity 1 % of max.
wml tc01.dat Type ¢ earthquake with intensity 1 % of max.
sml 25a.dat Strong motion earthquake EQ1 (type a) with intensity of 25 % of max.

wml lal.dat

Weak motion earthquake of type a with intensity of 1 %. After EQ1

fdl b04.dat Free decay in the plane, No. 4.

fdl r04.dat Free decay in rotation, No. 4.

sml_50a.dat Strong motion earthquake EQ2 (type a) with intensity of 50 %of max.
wml _la2.dat Weak motion earthquake of type a with intensity of 1 %. After EQ2
fd1_b05.dat Free decay in the plane, No. 5.

fd1_r05.dat Free decay in rotation, No. 5.

sml_75a.dat Strong motion earthquake EQ3 (type a) with intensity of 75 % of max.

Table 3.1 Test data from frame AAU]1.




From table 3.1 it is seen that 11 free decay measurements, 5 weak motion measurements and 3
strong motion measurements were performed. Three free decay and three weak earthquake tests
were performed before the first strong earthquake test in order to make a virgin state identification
of the frame. The free-decay tests were performed by means of a rope attached to the top storey
beams. The following measurement sessions consisted of one strong motion measurement, one
weak motion measurement and 2 free decay measurements. Typically measured free decay and
strong motion time series, respectively have been shown in figures 3.2 and 3.3. Only strong
motion measurements were performed at the last session, since the structure collapsed, see
Skjerbak et al. [1]. Further, it should be noticed that the structure became damaged between the
free decay test fdl b00 and fd1_b01 due to an operation failure of the equipment controlling the
shaking table. In table 3.1 references are given to earthquake a, b and c, respectively. These three
earthquakes were used throughout the tests for both weak and strong motion excitation of the
structure. The earthquake a and b , see figure 3.1, were artificial generated using a white noise
sequence filtered through a Kanai-Tajimi filter. Earthquake c, see figure 3.1 was a “real” one
measured during the Northridge earthquake on California, USA in 1994.
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Figure 3.1 Earthquake test time series.
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3.1.1 Identification and decomposition of bending and rotational modes

Assuming that the structure is symmetrical the accelerometers (15) and (16), respectively will
measure responses nearly equal in magnitude for both bending an rotational vibrations and have
the same sign in bending out of plane and opposite sign in rotational vibration. Adding signals
for the two symmetrical locations doubles the bending response and deletes the rotational
response. Subtracting the signals doubles the rotational response and deletes the bending
response. Figure 3.4 shows the autospectra of the time series (fdl r01) obtained from the
accelerometers at the locations (15) and (16) . Further, the autospectra obtained by adding and
subtracting , (15) and (16), respectively have been shown. From these spectra it is seen that the
structure has natural bending frequencies at approximately 2, 7.5 and 9 , respectively. Further,
it 1s seen that natural rotational frequencies exist at approximately 2.5 and 12 Hz., respectively.
These conclusions have been used in the following in order to identify the lowest two bending
modes in the plane.
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Figure 3.4 Autospectra of the signals from accelerometers at location (15) and (16).

3.2 Analysis of virgin state test data

In the following the results of the system identification using well-proved techniques will be
presented. The free-decay time series were analysed by means of the ARV, ERA, Polyreference
and ARMAYV techniques, see e.g. Pandit [2], Juang [3], Vold [4], Kirkegaard et al. [4]. Results
from model selection and validation will not be presented.
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SI-method o ] f [Hz] f,' ; [%] ¢, [%]
ARV 1.929 6.550 2.42 6.37
ERA 1.8932 6.538 2.04 217

POYLREF 1,925 6.424 243 6.77

ARMAV 1.927 6.548 209 3.81

Table 3.1 Identified frequencies and damping ratios of the virgin frame structure
AAUIL(fd1_b00.dat).

1st mode (ARV)

storey

storey

storey

(e

0 Ist mode (ERA)
0 1st mode (POLYREF)
1st mode (ARMAY)

storey

O—=NWRAUNGY O—MNWLWELIN O—RWERLOY O—=NWKAULI

]

2nd mode (ARV)

storey
O—=NW AR

'
[\

2nd mode (ERA)

storey
e S IANSITT- N

o

2nd mode (POLYREF)

storey
O,

]

2nd mode (ARMAY)

storey
O NWAE L

1
o8]

Figure 3.5 Identified mode shapes of the virgin frame structure AAU1 (fd1_ b00.dat).
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SI-method S [H7] f, [Hz] ¢ [%] ¢, [*%]
ARV 1.657 5.799 2.62 1.88
ERA 1.653 5.786 2.66 1.60

POYLREF 1.660 5.783 2.22 1.90

ARMAV 1.662 5.788 2,53 277

Table 3.2 Identified frequencies and damping ratios of the virgin frame structure

AAUI(fd1_b01.dat).

storey

storey

storey

Ist mode (ARV)
0 Ist mode (ERA) 1
0 1st mode (POLYREF)
0 Ist mode (ARMAY)

storey

O—=NWEULVOY O—=RWELOY O—MNWRERLIN O—RWRA LK

o

storey storey storey

S RWER Oy,

storey

2nd mode (ARV)

6
5t
4
3
2
0

) 2nd mode (ERA) 1
6
51
4}
3t
21
(]) I

2 2nd mode (POLYREF) 1
2 2nd mode (ARMAYV) 1
6
5
41
3
2
1t
0

-2

Figure 3.6 Identified mode shapes of the virgin frame structure AAU1 (fd1_b01.dat).
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SL-method % [Hz] Fpm | o Z, [%]
ARV 1.650 5.781 2.72 1.83
ERA 1.652 5.771 2.40 1.71

POYLREF 1.657 5.778 252 1.77
ARMAV 1.651 5.789 2.68 1.90

Table 3.3 Identified frequencies and damping ratios of the virgin frame structure
AAUI1(fd1_b02.dat).

Ist mode (ARV) 2nd mode (ARV)
6 6
5 :
o 4 2 df
g3 g3
w wi
; i
0 st mode (ERA) 1 o) 2nd mode (ERA) 1
6 6
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>4 .
[} [
= 3 i = 3
22| 22
0 0
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
5 5
> 4 2 4
g 3t 23
B2 22
oL 0
0 1st mode (ARMAYV) 1 o} 2nd mode (ARMAYV) 1
6 6
| z
=4l >
g 3l % 3
o 2 w2
1t 1
0 0
0 1 2 1

Figure 3.7 Identified mode shapes of the virgin frame structure AAU1 (fd1_b02.dat).




SI-method /i [z f» [Hz] ) [%] L 1%]
ARV 1.664 5.815 3.37 1.99
ERA 1.662 5.801 2.91 1.67

POYLREF 1.668 5.811 2.77 1.78

ARMAYV 1.666 5.817 3.34 2.14

Table 3.4 Identified frequencies and damping ratios of the virgin frame structure-
AAUI1(fd1_b03.dat)

1st mode (ARV)

storey

o

1st mode (ERA)

storey

<

1st mode (POLYREF)

1

storey

<

1st mode (ARMAY)

1

storey

O—RWAEAULOY O—RWRAULVOY O—=MNWARUY O—RWRUI

<

2nd mode (ARV)

storey

L]

2nd mode (ERA)

storey

O NWR LN, O— MW Uy

[3es

2nd mode (POLYREF)

storey
O—NWEA LGN,

[\

2nd mode (ARMAY)

storey
O— WA NV,

'
(g8 ]

Figure 3.8 Identified mode shapes of the virgin frame structure AAU1 (fd1 b03.dat).
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Data

fi [Hz]

/£ [H7] € [%] C; [%]
wml_ta01.dat 1.706 5.973 2.23 2.31
wml_tb01.dat 1.713 5.901 2.74 2.08
wml_tc01.dat 1.701 6.020 2.64 1.35

Table 3.5 Identified frequencies and damping ratios of the virgin frame structure
AAUI from weak motion test data .




3.3 Analysis of test data from the destructive testing

SI-method I [HZ] £ [Hz] {, [%] ¢, [%]
ARV 1.580 5.619 3.80 2.23
ERA 1.571 5.610 3.49 1.96

POYLREF 1.582 5.613 3.39 2.08
ARMAV 1.581 5.643 3.47 2.87

Table 3.6 Identified frequencies and damping ratios of the frame structure AAU1

after EQ1 (fd1_b04.dat).

1st mode (ARV)

storey

storey

storey

)

0 1st mode (ERA)
0 1st mode (POLYREF)
Ist mode (ARMAY)

storey

O—RWAULAN O—MNWALMOY O—=RNWRAULGY O—MNWRLIO\

<

Figure 3.9 Identified mode shapes of the frame structure AAU] after -
EQI1(fd1_b04.dat). [————-] : Virgin state, [

2nd mode (ARV)

storey
O—=RNWE UL

(o8]

2nd mode (ERA)

storey
S RWE Oy

[N

2nd mode (POLYREF)

storey
O PN LhON

e}

2nd mode (ARMAYV)

storey
O—= WL,

'
(o8]

- - - ]: damaged structure.
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Sl-method fpE | g ¢, %) G, [%]
ARV 1.314 5.014 4.41 2.16
ERA 1.311 4.997 4.29 1.78

POYLREFE 1317 5.004 4.32 2.40
ARMAV 1.314 5.015 5.12 221

Table 3.7 Identified frequencies and damping ratios of the frame structure AAU1
after EQ2 (fd1_b05.dat).

storey storey storey

O—=NWAEAULVE O—MNWEAULIN O—NWEhLIOY Om=NWh U

storey

Ist mode (ARV)

<

1st mode (ERA)

=

1st mode (POLYREF)

o

1st mode (ARMAYV)

o

storey

storey
CSHERWAEA LN O—PWKA UL

storey

storey

O»—[\)w-hmo\bo’—‘i\)w#mc\ |

2nd mode (ARY)

[0S

2nd mode (ERA)

[S0]

2nd mode (POLYREF)

2nd mode (ARMAY)

1
8]

Figure 3.10 Identified mode shapes of the frame structure AAU1 after EQ2

(fdl_b05.dat). [———]: Virgin state, |

18
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Data f; [Hz] £ [He] ¢ [%e] G2 [%]

wml_lal.dat 1.629 5.821 1.58 3.43

wml_la2.dat 1.436 5.261 2.18 223

Table 3.8 Identified frequencies and damping ratios of the frame structure AAU1
from weak motion test data after EQ1 and EQ2, respectively.
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4 ANALYSIS OF TESTS MEASUREMENTS FROM FRAME AAU2

In this chapter the results from the system identification of frame AAU2 are presented.

4.1 Description of test data from frame AAU2

The files with the data from the performed tests with frame AAU2 are named in table 4.1.

e, | | =

fd2 b0l.dat Free decay in the plane, No. 1. Load = 50 kg

fd2 b02.dat Free decay in the plane, No. 2. Load = 50 kg

fd2 b03.dat Free decay in the plane, No. 3. Load = 50 kg

wm?2_ta05.dat Type a earthquake with intensity 1 %

wm?2 tb05.dat Type b earthquake with intensity 1 %

wm?2_tc05.dat Type ¢ earthquake with intensity 1 %

sm2 20a.dat Strong motion earthquake EQ1 (type a) with intensity of 20 % of max.
wm?2 lal.dat Weak motion earthquake of type a with intensity 1 % . After EQ1

fd2 b04.dat Free decay in the plane, No. 4. Load = 50 kg

sm2 40a.dat Strong motion earthquake EQ2 (type a) with intensity of 40 % of max.
wm?2 la2.dat Weak motion earthquake of type a with intensity 1 % . After EQ2
fd2_b05.dat Free decay in the plane, No. 5. Load = 50 kg

fd2_b06.dat Free decay in the plane, No. 6. Load =25 kg

fd2 b07.dat Free decay in the plane, No. 7. Load = 50 kg

fd2 b08.dat Free decay in the plane, No. 8. Load = 75 kg

Table 4.1 Test data from frame AAU2

From table 4.1 it is seen that 8 free decay measurements, 5 weak motion measurements and 2
strong motion measurements were performed. Three free decay and three weak earthquake tests
were performed before the first strong earthquake test in order to make a virgin state identification
of the frame. The free-decay tests were performed by means of a excitation set-up implying that
the pull-out force could be measured. The following measurement sessions consisted of one
strong motion measurement, one weak motion measurement and 1 free decay measurements.
It should be noticed that the frame AAU2 was restricted to move out of the plane after it was
found that the frame AAU1 made rotation vibrations during the tests.
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4.2 Analysis of virgin state test data

SI-method 1 [Hz] Lo L | (,[%]
ARV 2.154 &.931 1.43 1.44
ERA 2.140 6.950 1.83 2.17

POYLREF 2.146 6.961 2.09 1.43

ARMAYV 2.147 6.961 0.85 1.23

Table 4.2 Identified frequencies and damping ratios of the virgin frame structure AAU2
(fd2_bO01.dat). Load = 50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
| |
=41 o4 |
g3 g3l
4% %2t
0 0
0 1st mode (ERA) i 3 2nd mode (ERA) 1
6 6
5 2
o 4 >4t
3] Q
= 3 = 3 L
22 %2}
oL oL
0 1st mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
> >4
54 £'3]
g =2
; ]
0 1st mode (ARMAYV) 1 ) 2nd mode (ARMAYV) 1
6 6
: :
> 4 P
CD [
53 53
22 22
1 1
0 0
0 1 2 1

Figure 4.1 Identified mode shapes of the virgin frame structure AAU2 (fd2 b01.dat).
Load =50 kg.
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SI-method | f, [Hz] /2 [Hz] ¢ [%] C.[%]
ARV 2.147 6.948 1.70 1.37
ERA 2.139 6.943 1.76 1.40

POYLREF 2.148 6.950 1.70 1.39

ARMAV 2137 6.948 1.70 1.50

Table 4.3 Identified frequencies and damping ratios of the virgin frame structure AAU2
(fd2_b02.dat). Load =50 kg.

storey

storey

storey

[ens]

Ist mode (ARV)

0 Ist mode (ERA)
0 1st mode (POLYREF)
Ist mode (ARMAY)

storey
O P B Oy O—=RWhthOy O—RNWERULIY O—MNWRARLLICY

<

storey storey
O—NWEUNG, O—NWE VS, O—WALG,

storey

storey

2nd mode (ARYV)
6
5t
4}
3t
2t
(1) A
2 2nd mode (ERA)
2 2nd mode (POLYREF) 1
2 2nd mode (ARMAYV)

1
b

Figure 4.2 Identified mode shapes of the virgin frame structure AAU2 (fd2_b02.dat).
Load =50 kg.
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Stmethod | £, [H2] £ W | G L 1%]
ARV 2.149 6.950 1.80 1.41
ERA 2.141 6.945 1.80 1.37

POYLREF 2.149 6.952 1.69 131
ARMAYV 2.147 6.952 1.74 1.4

Table 4.4 Identified frequencies and damping ratios of the virgin frame structure AAU2
(fd2_b03.dat). Load = 50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
| il
P >4
o) o]
=3t = 3t
2l 22
0 6
0 Ist mode (ERA) 1 ) 2nd mode (ERA) 1
6 6
5 2
4l 41
&3l 23l
oL oL
0 1st mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
3 3
=4t
23 23l
32| 2 2|
oL oL
0 Ist mode (ARMAYV) 1 2 2nd mode (ARMAY) I
6 6
3 al
= >
23 £3
22 22
1 1
0 0
0 1 2 1

Figure 4.3 Identified mode shapes of the virgin frame structure AAU2 (fd2_b03.dat).
Load = 50 kg.
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| Data | f [He . L M ¢; [%] G2 [%0]
wm2_ta01.dat 2.211 7.221 1.81 2.64
wm2_tb01.dat 2.217 7.131 1.78 2.02
wm2_te01.dat 2211 7.189 1.51 2.66

Table 4.5 Identified frequencies and damping ratios of the virgin frame structure AAU2 from
weak motion test data.




4.3 Analysis of test data from the destructive testing

SI-method f [Hz] £ [z £, [%] £ 1%]
ARV 1.791 6.133 2.86 2.52
ERA 1.771 6.143 3.22 2.80

POYLREF 1.783 6.149 3.27 2.44

ARMAV 1.797 6.093 1.69 2.67

Table 4.6 Identified frequencies and damping ratios of the frame structure AAU2 after EQ1
(fd2_b04.dat). Load = 50 kg.
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storey
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1
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Figure 4.4 Identified mode shapes of the frame structure AAU2 after EQI
(fd2_b04.dat). Load =50 kg. [-———— ] : Virgin state, [ ---- -

]: damaged structure.




Stmethod | £ M | 5 Ha | G0 G1%]
ARV 1.476 5379 3.83 2.88
ERA 1.463 5.365 3.71 2.65

POYLREF 1.477 5.376 4.17 2.69
ARMAYV 1.463 5.369 3.36 2.85

Table 4.7 Identified frequencies and damping ratios of the frame structure AAU2 after EQ2
(fd2_b05.dat). Load = 50 kg.

1st mode (ARV) 2nd mode (ARV)
6 6
] 71 i
B ]
=g 23
=9 o2y
; |
0 1st mode (ERA) 1 ) 2nd mode (ERA) 1
6 6
2 A ek . i A
=4l I
g3l $3l
i PP 1t
0 0
0 1st mode (POLYREF) 1 2 2nd mode (POLYREF) 1
6 6
;51 A P %2 A
ol !
(0]
g3 $3
wvl w)
0 oL
0 Ist mode (ARMAY) 1 D 2nd mode (ARMAY) 1
6 6
p & -l
P I
w [
= 3 = 3 L
22 221
1 e 1t
0 0
0 1 -2 1

Figure 4.5 Identified mode shapes of the frame structure AAU2 after EQ2
(fd2_b05.dat). Load = 50 kg. [-—-—— ] : Virgin state, [ - - - - - ]: damaged structure.
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SI-method £ [Hz £ Mz ¢, [%] L [%]
ARV 1.575 5.619 2.74 2.16
ERA 1.564 5.631 3.30 2.05

POYLREF 1.577 5.638 347 1.96

ARMAV 1.588 5.621 2.32 1.93

Table 4.8 Identified frequencies and damping ratios of the frame structure AAU2 after EQ2
(fd2_b06.dat). Load = 25 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
5t ir
Cal: 3 41
83 2 3t 7
=2t = 2
oL 0
0 Ist mode (ERA) 1 2 2nd mode (ERA) 1
6 6
: ]
B < S
53 53
%2 > 2f
= oL
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
| {
P Fa)
23 23
=2 =2
0 0
0 Ist mode (ARMAY) 1 ) 2nd mode (ARMAY) 1
6 6
il il
Sy >4l
(] (]
s 3r g 3t 7
52 5o
1t 1r
0 0
0 1 -2 1

Figure 4.6 Identified mode shapes of the frame structure AAU2 after EQ2
(fd2_b06.dat).Load = 25 kg. [———] : Virgin state, [ - - - - - ]: damaged structure.
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SI-method | £ [Hz] £, [Hz] ¢, [%] _ C.[%]
ARV 1.502 5.431 3.42 2.80
ERA 1.489 5.427 3.44 2.49

POYLREF 1.504 5.447 4.17 2.61

ARMAV 1.509 5.443 3.13 2.7

Table 4.9 Identified frequencies and damping ratios of the frame structure AAU2 after EQ2
(fd2_b07.dat). Load = 50 kg.

st mode (ARV) 2nd mode (ARV)
6 6
St 2 .
=4l 4t
g3 g3
%] [}
o= 0
0 Ist mode (ERA) 1 ) 2nd mode (ERA) 1
6 6
j :
2 4 < B
o
g3 - 53
02 =2
= :
0 1st mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
S5t 51
=41 >4
53 S 3
w2t w27
0 1st mode (ARMAY) 1 2 2nd mode (ARMAYV) 1
6 6
il il
> >
53 g3
=) 22
1 = 1
0 0
0 1 2 1

Figure 4.7 Identified mode shapes of the frame structure AAU2 after EQ2 (fd2_b07.dat).
Load = 50 kg. [-————] : Virgin state, [ - - - - - ]: damaged structure.
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Sl-method |  f, [Hz] £ [Hz] ¢, (%] 5 [%]
ARV 1.477 5.346 3.86 3.11
ERA 1.453 5.339 3.54 2.80

POYLREF 1.480 5.362 3.27 2.80

ARMAV 1.481 5322 3.74 2.83

Table 4.10 Identified frequencies and damping ratios of the frame structure AAU2 after EQ2
(fd2_b08.dat). Load = 75 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
5t 5
> 4 > 4
g3 g3l
vy w)
; i
0 1st mode (ERA) 1 2 2nd mode (ERA) 1
6 6
5 7 1 . S5t
> ]
£3 e £
2k =2
oL 0
0 st mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
1| 1 5i
4 s
2 3 L = = 8 3 b
2 2f % 2
0 oL
0 Ist mode (ARMAYV) 1 22 2nd mode (ARMAYV) 1
6 6
; 1
>4t g 2
2 3t = 23
£ 21 =2
1 1
0 0
0 1 2 1

Figure 4.8 Identified mode shapes of the frame structure AAU2 after EQ2 (fd2 b08.dat).
Load = 50 kg. [-————] : Virgin state, [ - - - - - ]: damaged structure.
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Data fi [Hz] 5 [He] ¢, [%] ¢, [%]
wm?2 lal.dat 1.877 6.449 1.05 1.66

wm?2_la2.dat 1.609 5.698 1.07 1.53

Table 4.11 Identified frequencies and damping ratios of the frame structure AAU2 from weak
motion test data .
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Figure 4.9 Development of softning in first and second mode during EQ1for AAU2.
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5 ANALYSIS OF TESTS MEASUREMENTS FROM FRAME AAU3

In this chapter the results from the system identification of frame AAU3 are presented.

5.1 Description of test data from frame AAU3

The files with the data from the performed tests with frame AAU3 are named in table 5.1.

fd3_b01.dat Free decay in the plane, Load = 50 kg

fd3 b02.dat Free decay in the plane, Load = 50 kg

fd3 b03.dat Free decay in the plane, Load = 50 kg

fd3 b04.dat Free decay in the plane, Load = 25 kg

fd3 b05.dat Free decay in the plane, Load =75 kg

sm3 10a.dat Strong motion earthquake EQ1 (type b) with intensity 10 % of max.
fd3 b06.dat Free decay in the plane, Load = 25 kg

fd3 b07.dat Free decay in the plane, Load = 50 kg

fd3 b08.dat Free decay in the plane, Load = 75 kg (file damaged)

sm3 20a.dat Strong motion earthquake EQ?2 (type b) with intensity 20 % of max.
fd3 b09.dat Free decay in the plane, Load =25 kg

fd3 bl0.dat Free decay in the plane, Load = 50 kg

fd3 bll.dat Free decay in the plane, Load = 75 kg

sm3 35a.dat Strong motion earthquake EQ3 (type b) with intensity 35 % of max.
fd3 bl2.dat Free decay in the plane, Load = 25 kg (file damaged)

fd3 bl3.dat Free decay in the plane, Load = 50 kg

fd3 bl4.dat Free decay in the plane, Load = 75 kg

Table 5.1 Test data from frame AAU3.

From table 5.1 it is seen that 14 free decay measurements and 3 strong motion measurements
were performed. It should be noticed that the frame AAU3 was restricted to move in the plane
as frame AAU2. Further, frame AAU3 was not tested by weak earthquake motion.
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5.2 Analysis of virgin state test data

SI-method /i [He] f [Hz] ¢ [%] C,[%]
ARV 2.251 7.284 1.49 0.96
ERA 2.246 7.280 1.47 0.98

POYLREF 2.253 7.291 1.41 0.96

ARMAV 2.251 7.287 1.40 1.00

Table 5.2 Identified frequencies and damping ratios of the virgin frame structure AAU3
(fd3_b01.dat). Load = 50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
5 i -
> 4 =41
E 3t g 3t
@ 2f = 2t
0 1st mode (ERA) 1 2 2nd mode (ERA) 1
6 6
; :
> 4 >
g3 g3
w2 o 2}
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
9 i
>4 =4t
£3 2 3}
<2 = 91
0 oL
0 1st mode (ARMAY) 1 i) 2nd mode (ARMAY) 1
6 6
5 ] 2
> 4 ] o4l
g 3 j s 3
1t 1 1t
0 0
0 1 -2 1

Figure 5.1 Identified mode shapes of the virgin frame structure AAU3 (fd3_b01.dat).
Load = 50 kg.
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SI-method S [Hz] f> [Hz] ¢, [%] C2[%]
ARV 2.248 7.274 1.46 0.97
ERA 2.243 7.271 1.46 0.95

POYLREF 2.249 7.281 1.40 0.96

ARMAV 2.248 7273 1.48 0.89

Table 5.3 Identified frequencies and damping ratios of the virgin frame structure AAU3
(fd3_b02.dat). Load =50 kg.

1st mode (ARV)

storey

=]

Ist mode (ERA)

storey

<

1st mode (POLYREF)

storey

o

1st mode (ARMAY)

storey

O—NWRLLON CO—NWRARWULMGY CO—RWRARWULIAY OmMNWALIGN

o

Figure 5.2 Identified mode shapes of the virgin frame structure AAU3 (fd3_b02.dat).

Load =50 kg.

storey storey storey
O=NWEUOY,; O—MNWRAUIY,; O—NWE UL,

storey
Ot R B LD,

2nd mode (ARV)

[3e]

2nd mode (ERA)

\8]

2nd mode (POLYREF)

(]

2nd mode (ARMAY)

1
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SI-method /i [Hz] f> [Hz] ¢ [%] C2[%]
ARV 2.244 7.264 1.44 0.94
ERA 2.239 7.261 1.46 0.97

POYLREF 2.244 7.270 1.40 0.96

ARMAV 2.244 7.262 1.60 0.94

Table 5.4 Identified frequencies and damping ratios of the virgin frame structure AAU3.
(fd3_b03.dat). Load = 50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
) 5t
>4 o4
53 3
e 2t =9
ol 0
0 1st mode (ERA) 1 e 2nd mode (ERA) 1
6 6
5 5t
> 4 >4
g 3 S 3
=2 H2t
i ;
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
5t 5
> 4 >4
53 23
=2 =2
0 0
0 1st mode (ARMAYV) 1 9 2nd mode (ARMAY) 1
6 6
5t 5
>4 4
£ 3} 23
= Al T
oL 0
0 1 -2 1

Figure 5.3 Identified mode shapes of the virgin frame structure AAU3 (fd3_b03.dat).
Load = 50 kg.
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Stmethod | f, 2 | £ HA | 4D > 1%]
ARV 2.197 7.149 1.70 1.13
ERA 2.190 7.145 1.75 1.14

POYLREF 2.197 7.155 1.68 1.16
ARMAV 2.196 7.146 1.61 1.11

Table 5.5 Identified frequencies and damping ratios of the virgin frame structure AAU3
(fd3_b04.dat). Load = 25 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
; :
2 4 =
d.‘_') L
3 53
22 22
0 0
0 st mode (ERA) 1 2 2nd mode (ERA)
6 6
5t . i
4l A ]
5} 5}
= 31 =31
22} 5
ol oL
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
5t 5t :
40 >4l
2 3¢ =31
% 2f W 21 1
oL oL
0 1st mode (ARMAY) 1 2 2nd mode (ARMAYV) 1
6 6
: z
P =
£ 23
w2 % 2
1 1
0 0
0 1 2 1

Figure 5.4 Identified mode shapes of the virgin frame structure AAU3 (fd3_b04.dat).
Load =25 kg
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SI-method £, [Hz] £ [Hzl {, [%] ,[%)]
ARV 2752 7.289 1.41 0.93
ERA 2.247 7.278 1.40 0.90

POYLREF 2253 #.292 137 0.93

ARMAYV 2.249 1:.283 1.47 0.98

Table 5.6 Identified frequencies and damping ratios of the virgin frame structure AAU3
(fd3_b05.dat). Load = 75 kg.

Ist mode (ARV)

storey

=

1st mode (ERA)

storey

o

Ist mode (POLYREF)

storey

<o

Ist mode (ARMAY)

storey

O—NLELOY O—=RNWLEUN O—RWHRLIYN O—RWALLIC

<

2nd mode (ARV)

storey
O= RO

W]

2nd mode (ERA)

storey
O W L,

[ 9]

2nd mode (POLYREF)

storey
O RWA LG,

3]

2nd mode (ARMAY)

storey
D= RWR LG,

3
™~

Figure 5.5 Identified mode shapes of the vigin frame structure AAU3 (fd3_b05.dat).

Load =50 kg.
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5.3 Analysis of test data from the destructive testing

ST.method £ A oD | L ;1%
ARV 2.031 6.545 2.05 1.40
ERA 2.022 6.540 2.15 1.23

POYLREF 2.034 6.558 1.98 1.32

ARMAYV 2.029 6.537 2.11 1.64

Table 5.7 Identified frequencies and damping ratios of the frame structure AAU3 after EQ1
(fd3_b06.dat). Load =25 kg.

1st mode (ARV) 2nd mode (ARV)
6 6
| :
=41 %
[ ©
= 3 L = 3
22t 22
! ;
0 1st mode (ERA) 1 ) 2nd mode (ERA) 1
6 6
z :
B >
53 g3
=2 =2
0 0
0 Ist mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
5 ] i -
=4 4 =4t
53 | 83
@ 2 - w2
; T
0 Ist mode (ARMAYV) 1 L) 2nd mode (ARMAYV) 1
6 6
5 ] 5t
> 4 ] =4
g 3 ] 2 3t
%2 - w2
1 1 1t
0 0
0 1 2 1

Figure 5.6 Identified mode shapes of the frame structure AAU3 after EQI
(fd3 b06.dat). Load = 25 kg. [-————] : Virgin state, [ - - - - - ]: damaged structure.
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SI-method £ [Hz] £ [Hz] ¢, [%] (,[%]
ARV 1.798 5.858 2.88 212
ERA 1.789 5.832 2.96 152

POYLREF 1.792 5.837 2.59 1.95

ARMAV 1.798 5.847 3.02 1.96

Table 5.9 Identified frequencies and damping ratios of the frame structure AAU3 after EQ2
(fd3_b09.dat). Load = 25 kg.

1st mode (ARV)

storey

=

storey

(=]

storey

[

storey

COC=RWEULGY O—MNWEALOYN O—MNWEARULON O—RWEAULO

o]

2nd mode (ARV)

storey
O PR LN

[3e)

2nd mode (ERA)

storey
O= WALy,

(9]

2nd mode (POLYREF)

storey
O = POy

[\]

2nd mode (ARMAY)

storey
=W

1
(o]

Figure 5.8 Identified mode shapes of the frame structure after EQ2 AAU3
(fd3_b09.dat). Load =25 kg. [————] : Virgin state, [ - - - - - ]: damaged structure.
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Skmethod | £, [Hz] 5 [H (%] 1%
ARV 1.733 5.679 3.19 2.40
ERA 1.722 5.651 3.26 193

BOYLREF 1.734 5.655 3.19 1.97

ARMAV 1.736 5.682 3.46 2.31

Table 5.10 Identified frequencies and damping ratios of the frame structure AAU3 after EQ2
(fd3_b10.dat). Load =50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
: il
> e =4
&3 = 53
52 = T
0 0
0 Ist mode (ERA) 1 ) 2nd mode (ERA) 1
6 6
St & i L
4l — 4l
53 22 § 3|
= 2 e W
" oL
0 Ist mode (POLYREF) 1 2 2nd mode (POLYREF) 1
6 6
5 e Z
= 4 — ] =
23 == £3
=32 = D)
oL 0
0 Ist mode (ARMAV) 1 2 2nd mode (ARMAY) 1
6 6
5 5
> >
g3 B %
w e wl
1 1
0 0
0 1 -2 1

Figure 5.9 Identified mode shapes of the frame structure after EQ2 AAU3
(fd3_bl10.dat). Load = 50 kg. [--———— ] : Virgin state, [ - - - - - ]: damaged structure.
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SI-method S [Hz] f, [H7] C:[%] C2[%]
ARV 1.696 5.556 3.54 2.65
ERA 1.680 5.541 3.29 2.08

POYLREF 1.691 5.557 3.22 2.05

ARMAV 1.693 5.556 3.97 2.82

Table 5.11 Identified frequencies and damping ratios of the frame structure AAU3 after EQ2
(fd3_bl1.dat). Load = 75 kg.

Ist mode (ARV)

storey

o

storey

<

storey

=]

storey
O R NNy O—NWRh Uy O—RWRARLULOY O WALION
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Figure 5.10 Identified mode shapes of the frame structure AAU3 after EQ2

(fd3_bl1.dat). Load =75 kg. [

] : Virgin state, [ - - - - - ]: damaged structure.
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Sl-method | £ [Hz] £ [Hz] ¢, [%)] 4%
ARV 1.415 4.551 4.57 3.24
ERA 1.396 4.559 4.12 3.59

POYLREF 1.407 4.566 4.17 3.55

ARMAV 1.412 4,552 4.11 3.37

Table 5.12 Identified frequencies and damping ratios of the frame structure AAU3 after EQ3
(fd3_bl3.dat). Load = 50 kg.

Ist mode (ARV) 2nd mode (ARV)
6 6
5 g S5t e
_—
“:"g L B == E‘g T
=4 — o
w21 == =2
oL 0
0 1st mode (ERA) 1 2 2nd mode (ERA) 1
6 6
5 & 2
=4 i =gt
% 3 = = g 3t
=2t - =2t
o |
0 1st mode (POLYREF) 1 ) 2nd mode (POLYREF) 1
6 6
5t 7 5
g 3t i 4
22 == 22
oL 0
0 Ist mode (ARMAY) 1 ) 2nd mode (ARMAY) 1
6 6
5t E 5 o
4 - >4 = il
g 3 e B G 3
2 2 e %2
1} 1
0 0
0 1 2 1

Figure 5.11 Identified mode shapes of the frame structure AAU3 after EQ3
(fd3 bl3.dat). Load = 50 kg. [-———— ] : Virgin state, [ - - - - - |: damaged structure.
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SI-method £ [Hz] % [Hz] L, [%] ¢, [%]
ARV 1.376 4.454 4.42 3.14
ERA 1.362 4.401 4.09 3.58

POYLREF 1.370 4.438 4.19 3.67

ARMAV 1.375 4.458 4.62 327

Table 5.13 Identified frequencies and damping ratios of the frame structure AAU3 after EQ3
(fd3_bl4.dat). Load =75 kg.
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Figure 5.12 Identified mode shapes of the frame structure AAU3 after EQ3
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6 SUMMARY OF RESULTS

In this chapter the results presented in chapters 3, 4 and 5, respectively will be summarised and
comments are given.

6.1 Results from frame AAU1

From table 3.1 it is seen that 11 free decay measurements, 5 weak motion measurements and 3
strong motion measurements were performed with frame AAUI. Three free decay and three weak
earthquake tests were performed before the first strong earthquake test in order to make a virgin
state identification of the frame. The free-decay tests were performed by pulling a rope attached
to the top storey beams. The following measurement sessions consisted of one strong motion
measurement, one weak motion measurement and 2 free decay measurements. The identification
results in tables 3.1 - 3.7 show a good aggreement for the different identification techniques. A
decrease in the natural frequencies and an increase in the damping ratios are observed as expected
for increasing damage level. However, it is seen that the second damping ratio is more uncertain
determined than the first damping ratio. The reason for this can be that most energy is
concentrated in the first mode by relasing the rope. The weak motion results in table 3.5 show
frequency and damping ratio estimates which differ a little from the free decay results which can
be due to that the excitation levels are different in the two . By comparing the free deacy results
with the strong motion test results (final softening) in figures 3.11 - 3.13 a good harmony is
observed. Figure 3.11 also shows a very fluctuating estimation of the development in the two
lowest natural frequencies during the earthquake due to intense damage development. The mode
shape estimates shown in figures 3.5 - 3.10 show only a little change for increasing damage level
in the first mode while no changes can be observed in the second mode.

6.2 Results from frame AAU2

From table 4.1 it is seen that 8 free decay measurements, 5 weak motion measurements and 2
strong motion measurements were performed with AAU2. Three free decay and three weak
earthquake tests were performed before the first strong earthquake test in order to make a virgin
state identification of the frame. The free-decay tests were performed by means of a excitation
set-up implying that the pull-out force could be measured. The following measurement sessions
consisted of one strong motion measurement, one weak motion measurement and 1 free decay
measurements. It should be noticed that the frame AAU2 was restricted to move out of the plane
after it was found that the frame AAUI made rotation vibrations during the tests.

By considering the identification results in tables 4.1 - 4.11 it can be concluded that a good
aggreement for the different identification techniques exists. A decrease in the natural
frequencies and an increase in the damping ratios are observed as expected for increasing damage
level. It is seen that the the second damping ratio is determined with less uncertatinty than for
frame AAUI. This is a due to use of a more well defined excitation than used for frame AAUI.
Table 4.8 - 4.10 also show that the free decay results are sensitive to the pull-out load, i.e.
excitation level. By comparing the free decay results with the strong motion test results (final
softening) in figures 4.9 - 4.10 a good agreement is observed.

The mode shape estimates shown in figures 4.1 - 4.8 show a little change for increasing damage
level in both the first mode and the second mode.
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6.3 Results from frame AAU3

From table 5.1 it is seen that 14 free decay measurements and 3 strong motion measurements
were performed. It should be noticed that the frame AAU3 was restricted to move in the plane
as frame AAU?2. Further, frame AAU3 was not tested by weak earthquake motion.

The results obtained from frame AAU3 show same tendency as observed for frame AAU1 and
AAU2, respectively. However, the mode shape estimates shown in figures 5.1 - 5.12 indicates
an other damage pattern of frame AAU3 than of frame AAU1 and AAU2, respectively. This is
due to that earthquake type b, see figure 3.1 has a different energy content than the earthquake
of type a which has been used in the tests of frame AAUI and AAU2.
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