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ABSTRACT

Shaking-table tests of various upgrade systems applied on existing two-story RC structures have been performed
at the Institute of Earthquake Engineering and Engineering Seismology — IZIIS, Skopje. The influence of each
different upgrade system on the integral structural behavior has been investigated comparatively, conducting a
total of 177 dynamic tests on the 5x5 m shaking-table at the 1ZIIS Laboratory, using harmonics, synthetic and
real earthquake records as input in one horizontal direction. Elastic tests with low level of excitation without
occurrence of damages and plastic deformations have been conducted first and then capacity tests have been
performed up to the failure of the models. The various upgrade systems were constructed of steel frame, light-
frame timber, cross-laminated wooden panels and composite systems of wood and glass. The first two floors
represented the existing reinforced concrete, and the third floor was the upgrade system which was changed
during all the tests. More detailed elaboration of the test results and analytical verification is presented in the
paper. From the tests, there have been obtained the time-history records of absolute accelerations (using
accelerometers) and absolute displacements (using linear potentiometers). Analytical verification has been
performed using FELISA/3M in-house 1ZI1S software. 3D finite element models have been generated for this
purpose. The main purpose of the analytical investigation has been to verify the obtained experimental data. The
investigations have shown acceptable applicability of the proposed upgrades in seismic prone areas.
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1. INTRODUCTION

Having in mind the lack of space in densely populated urban areas worldwide, upgrading of existing
structures has been increasing. However, recent development of light construction systems has given
the opportunity for effective solution of this problem. The problem of upgrading becomes more
emphasized in seismically active areas, especially in existing buildings designed according to older
codes with little or no seismic design guidance. Depending on the implemented upgrade system, it
may have a different influence on an existing structure, while on the other hand, the influence of an
existing structure on the upgrade must not be overlooked. Light construction systems are a favorable
choice, mostly due to their low mass that does not contribute much to the increase of seismic forces on
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the existing structure.

Although various shaking-table tests carried out for the purpose of investigation of the seismic and
generally dynamic behavior of light and massive wooden structures have been reported so far (see
Ceccotti (2008), Chen at al. (2010), Filiatrault at al. 2010, Hristovski at al. 2013, John W. van de Lindt
at al. 2010, Popovski at al. 2010), implementation of these systems as upgrades on existing RC
structures has not been extensively investigated. For that purpose, at the Institute of Earthquake
Engineering and Engineering Seismology 1Z11S Skopje, experimental shaking-table tests of various
upgrade systems applied on existing two-story RC structures have been performed. It is hoped that this
investigation will fulfill this gap, clarifying how the upgrade interacts with the existing structure, i.e.
how it changes the dynamic properties and behavior of the integral system. In addition, the idea of
these tests was to investigate comparatively the influence of each different innovative upgrade system
on the integral structural behavior.

A total of 177 dynamic tests have been performed on the 5x5 m shaking-table at the 1Z11S Laboratory.
Investigation has consisted of harmonics, synthetic and real earthquake records as input in one
horizontal direction. From the point of view of intensity of input excitations, two groups of tests have
been performed: 1. Elastic tests with low level of excitation and without occurrence of damages and
plastic deformations; and 2. Capacity (or non-linear) tests for the purpose of investigation of the
failure mode mechanisms of different upgrade systems. The various upgrade systems were constructed
of steel frame (STL), light-frame timber (LFT), cross-laminated wooden panels (XLAM) and
composite systems of wood and glass (GLS).

First of al |, the speci mens’ geometry and mater
applied instrumentation and test procedure has already been discussed by Hristovski et al. (2014), only
the necessary information is given in this paper. Finally, the test results are presented. It should be
noted that, for the purpose of obtaining the dynamic properties (natural frequencies of vibration for
each specimen set-up), sweep sine tests of low amplitudes with maximum acceleration of up to 0.03g,
(where g is gravity acceleration equal to 9.81 m/sec?) and logarithmic increase of frequencies from 1to
32 Hz within 60 seconds of test duration have been performed. For the purpose of getting an insight
into the elastic behavior of the specimens, tests with low amplitude synthetic earthquake records
(modified Landers earthquake) and real earthquake records (EI Centro and Petrovac) of up to 0.1g
have been conducted. Failure capacity tests have been the last tests performed for each set-up. These
tests have been performed with 50 % and 100 % of the real maximum peak acceleration agm.x of the
applied earthquake records. After each test, low amplitude sweep sine tests have been repeated in
order to control the change in frequency indicating that some material damage has occurred.

In order to verify the test results, numerical analysis has subsequently been performed. Some of the
obtained results are presented in the paper. Namely, first of all, modal (eigen) analyses for obtaining
the natural frequencies and mode shapes of vibrations have been performed. Then, dynamic analyses
with the same input acceleration records applied for the shaking-table tests have been conducted (not
presented in the paper). The results of the modal analyses have been comparatively presented. It
should be noted that these analyses have a preliminary significance since many of the nonlinear
phenomena in the materials and the connections have not be taken into account, having in mind that
the principal aim of the analytical research has been to verify the tests. However, it is planned for the
future that shaking-table tests be used for developing computational constitutive relations for the used
joints between the RC base structure and the upgrade and the connections of the upgrade themselves.

2. TEST SPECIMENS

In this research, the tested structure, including all combinations with the upgrades, has been treated as
a full-scale specimen. The basic 3D RC frame (in the text referred to as RCF1 specimen) represents a
two-story one-span simple structure with plan dimensions of 340cm x 240cm (Fig 1.), consisting of
RC columns 20/20cm, RC beams 20/20 and RC slabs with thickness 7 cm. The columns have been
designed with 4 longitudinal reinforcement bars D16 mm and stirrups D8mm/10(20) cm. The
reinforcement in the beams has been placed symmetrically in the upper and bottom zone, with a total
of 4 longitudinal reinforcement bars D14 and stirrups D8mm/10(20) cm. The RC foundation beams
have been designed with a height of 20 cm and have been fixed to the shaking-table by use of special
bolts. The symmetrical longitudinal reinforcement of 4 bars D14 has been placed in the foundation
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beams with stirrups D8mm/8(20) cm.

The story height of the specimen has been h=2.5 m (see Fig. 2, left). First, the specimen has been
tested in the direction of the longer span, using only the basic two-story RC system RCF1. Then, using
the same orientation of the specimen, each of the various one-story upgrades (as previously
mentioned: STL, LFT, XLAM and GLS type of upgrades) has been mounted and tested one at a time,
and then replacing it with the next one. Then the two-story RC frame has been rotated for 90 degrees
(referred to as RCF2 specimen) and upgraded with masonry infill (modular hollow blocks 19/19/29
cm) along the shorter direction. This setup, using all mentioned one-story upgrade systems, has been
then used for testing the same integral three-story systems, in the same way as for the first specimen
setup. In the paper, the discussion will be limited to the series of specimens based on the RCF1
system.

Fi 100 mm

158, 0men

Figure 1. RC slab floor plan

Figure 2. Left: Story heights of the basic test specimen with masonry infill, rotated position (RCF2) and XLAM
upgrade (all upgrade systems have the same height); Right: Photo of the basic test specimen RCF1 with added
mass on the first two floors (to simulate the service imposed load), using lead ingots
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The steel upgrade structure (STL), see Fig. 3 left, was made of two moment resisting frames with
HEA 100 columns and IPE 120 beams. In the longer direction, the structure was stabilized with 12
mm diameter diagonal braces. All the used steel elements had a yield strength of 235 MPa. The
columns were connected to the RC slab with two 10 mm anchor bolts. The connection was not
designed as a moment resisting one. The roof structure of the steel upgrade was made of 10 cm thick
CLT plate that was screwed to the IPE 120 beams with 8 mm self-tapping screws (Jancar et al., 2013).
The cross laminated timber upgrade structure (XLAM), see Fig. 3 right, was built by use of 3 layered
XLam panels CLT L3s 100 mm (made by Stora Enso). The total height of the upgrade structure was
250 cm. The CLT roof plate was connected to the CLT wall elements by diameter 8 mm diameter self-
tapping screws. In the shorter direction, two 240 cm long wall segments were installed. On each side
in the longer direction, three 80 cm long wall segments were installed — 2 segments on one edge and
one segment on the other. CLT wall segments were anchored to the RC slab with Rothoblaas 100 mm
reinforced angular brackets (Jancar et al., 2013).

Figure 3. Left: set-up of test series 2 - RCF1+STL,; right: set-up of test series 3/4 - RCF1+XLAM1/XLAM2

The light timber frame upgrade structure (LFT), see Fig. 4 left, consisted of timber frame walls and a
CLT roof plate. Two outside timber frame wall elements (2.4 x 2.4 m) were installed in the shorter
direction as in longer direction one 1.2 m x 2.4 m wall segment was positioned on each side. To
observe the differences in dynamic behavior due to the changes in stiffness, in specimens LTF 1 and
LTF 3 no mechanical connection was made between adjacent perpendicular wall elements. The
connection was made with 8 mm diameter self-tapping screws at a distance of 100 mm from center to
center. The light timber frame wall consisted of a timber frame (10/8 cm, C24) where studs were
positioned at the distance of 62.5 cm. Each wall was sheathed with 12 mm thick OSB (oriented strand
board) three plates, which was connected to the timber frame with metal staples. Wall elements were
anchored to the RC slab with reinforced 100 mm angular brackets (Jancar et al., 2013).

In the glass upgrade structure (GLS), see Fig. 4 right, the horizontal forces were transferred by glass
panels glued to the timber frame which was anchored to the top RC slab by Rothoblaas 100 mm
reinforced angular brackets 100 and KR 285 hold-downs installed at the end of each wall segment. In
both directions, 2.4 m long wall segments were installed. In the longer direction the glass wall
consisted of three columns and two intermediate glass panels and, in the shorter direction, of two
outside columns and a larger intermediate glass panel. The glass panels were made from 3 individual 6
mm thick layers of float glass panels (material properties according to EN 572-1) spaced at a distance
of 16 mm. The triple glass panel was glued around the perimeter to the timber frame by a 5 mm thick
layer of Polyurethane glue. As a roof plate again a 10 cm CLT plate was used again and was attached
to bottom timber-glass walls with 8 mm self-tapping screws (Jancar et al., 2013).
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Figure 4. Left: set-up of test series 5/6 - RCF1+LFT1/LFT2; right: Set-up of test series 7 - RCF1+GLS

In order to simulate the service imposed load, the slabs on the first and the second stories have been
each loaded with 8 leaded ingots x 400 kg (Fig. 2, right). On the other hand, 2 ingots x 400 kg have
been put on the top of the upgrades.

The concept of the instrumentation of the specimen is given in Fig. 5.
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Figure 5. Instrumentation: Two linear potentiometers on each floor (a total of 6) mounted on the specimen

Two linear potentiometers for measurement of absolute displacement have been mounted on each
floor (in total 6). In addition, two accelerometers in the test direction and two accelerometers in lateral
direction for measurement of absolute accelerations have been mounted on each floor (in total 12).



3. ANALYTICAL VERIFICATION OF THE TESTS

From the shaking-table tests, the time-history records of absolute accelerations (using accelerometers)
and absolute displacements (using linear potentiometers) at the positions of each story have been
obtained. Using these time-histories measurements, the dynamic properties of all tested systems have
been investigated. First, from the sweep tests, the natural frequencies and the first several mode shapes
of the systems have been obtained using the records obtained by accelerometers and using the fast
Fourier transformation procedure, implemented in a specially coded Matlab program for this purpose.
In order to verify the test results, modal and dynamic analyses have been performed using analytical
FEM models for simulation of the shaking-table response of the basic and integral specimens. In the
models, columns and beams have been treated as frame elements, and slabs have been modeled by
shell finite elements (see Fig. 6). In this paper, only the analytical results for the frame specimen RCF1
without infill have been discussed. Analyses have been performed by using the 1ZI1S in-house general
purpose structural analysis software FELISA/3M. First, modal (eigen) analyses have been performed
and results for the obtained periods and shape modes of vibrations have been compared with the
experimentally obtained ones from the sweep shaking-table tests. Then, dynamic analysis with the
same acceleration record input as for the shaking-table tests, has been performed. Acceleration input
records of modified Landers and Petrovac earthquakes with 2%, 3% and 5 % of the original intensities
have been used for the elastic tests and for the analyses. The performed failure tests and analyses are
not discussed in this paper, and they will be presented in some of the next reports.
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_

Figure 6. The first two mode shapes analytically obtained for specimen RCF1, T1=0.37 sec (x), T2=0.35 sec (y)
The results from the modal analysis performed for the basic specimen RCF1, for the first two shape
modes (one in x and one in y direction) are shown in Fig.6. The correlation between the test results
and the results from the analysis is comparatively given in Table 1.

Table 1. Comparison of periods of vibration obtained from tests and analyses, specimen RCF1.

Mode  Test values(sweep tests) Analytically obtained values
shape

1 0.39 sec (x direction) 0.37 sec (x direction)

2 0.32 sec (y direction) 0.35 sec (y direction)

3 0.19 sec (y direction)

4 0.12 sec (x direction) 0.11 sec (x direction)

The results from the modal analysis performed for the integral specimen RCF1+STL, for the first two
shape modes (one in x and one in y direction) are shown in Fig.7. Correlation between test results and
analysis is comparatively given in Table 2.



Table 2. Comparison of periods of vibration obtained with tests and analyses, specimen RCF1+STL.

Mode  Test values(sweep tests) Analytically obtained values
shape

1 0.51 sec (x direction) 0.57 sec (x direction)

2 0.46 sec (y direction) 0.47 sec (y direction)

3 0.25 sec (y direction)

4 0.21 sec (y direction)

5 0.13 sec (x direction) 0.12 (x direction)

6 0.11 sec (y direction) 0.11 (y direction)

It can be concluded that modal analyses correlate with the test values of the periods (i.e. frequencies)
of vibrations, obtained by sweep shaking-table tests.

Figure 7. The first two mode shapes analytically obtained for specimen RCF1+STL, T1=0.57 sec (x), T2=0.47
sec (y)

4. TESTS RESULTS AND DISCUSSION

The protocol of the shaking-table tests for the specimen setup based upon RCFL1, together with the
max/min obtained values of relative displacements due to earthquake tests are shown in Table 3. In
Table 4, the obtained absolute accelerations for specimen RCF1 are presented. Note that indexes of the
displacements 0" T %07 "and accelerations /¥ 14 *in the last three columns of each table represent
story numbers. The systems RCF1+XLAM1 (upgrade of cross laminated timber panels) and
RCF1+LFT1 (upgrade of light-frame timber) have been tested with no fixed connections of the
upgrades, therefore the results have not been of special interest and they are not shown in the tables.

From the earthquake record tests, using specially designed filters for digital processing of the obtained
data, the parasitic noise has been removed and pure signals with the dynamic response have been
obtained. It should be noted that, due to their small mass, the accelerometers were relatively precise
and did not require any special filtering. However, for the linear potentiometers (LPs), due to their
considerable mass and attached long-periodical strings on them, some correction was needed for
removing the long-periodical parasitic noise.



Table 3. Detailed test protocol and obtained story displacements for each test series with basic specimen RCF1

O Oéim O O O O
Specimen "I;Ieos.t Test Description g‘gz\t © Tn7r<r>1 0 Tn7r<r>1 0 Tn7r<r>1
0 Harmonic test, sinus 2 0.02g
Hz
1 Sweep test, 1-32 Hz 0.02g
RCF1 1r EQ test, Landers 2% aQmax 1.93/-2.28  3.59/-4.09
3 EQ test, Petrovac 2% aQmax 2.31/-2.75  4.24/-4.73
4 EQ test, Landers 30% agma  18.4/-17.5  15.9/-16.4
4r  Sweep test, 1-32 Hz 0.02g
5 Harmonic test, sinus 1.5 0.02g
Hz
RCE1+ 6 Sweep test, 1-32 Hz 0.01g
7 EQ test, Landers 3% aYmax 1.49/-1.31 2.89/-258 2.66/-2.46
STL 8 EQ test, Landers 5% aQmax 2.60/-2.35 4.95/-4.47 4.76/-4.43
9 EQ test, Petrovac 5% aQmax 2.72/-2.66  5.16/-5.38  5.14/-5/43
10 Sweep test, 1-32 Hz 0.01g
11 Harmonic test, sinus 1.5 0.02g
Hz
RCF1 + 12 Sweep test, 1-32 Hz 0.01g
XLAM1 13 EQ test, Landers 5% aQmax
14 EQ test, Petrovac 5% aQmax
15  Sweep test, 1-32 Hz 0.01g
16 Sweep test, 1-32 Hz 0.01g
RCF1 + 17  EQ test, Landers 5% aQmax 3.10/-2/56  5.86/-5.30  6.26/-5.84
XLAM?2 18 EQ test, Petrovac 5% aQmax 3.47/-357 7.01/-7.03 7.62/-7.64
19  Sweep test, 1-32 Hz 0.01g
20  Harmonic test, sinus 1.5 0.01g
Hz
RCF1 + 21 Sweep test, 1-32 Hz 0.01g
LFT1 22  EQtest, Landers 5% aQmax
23 EQ test, Petrovac 5% aQmax
24 Sweep test, 1-32 Hz 0.01g
25 Sweep test, 1-32 Hz 0.01g
RCF1 + 26  EQ test, Landers 5% agmax 3.07/-2/52 5.89/-5.22  6.30/-5.95
LFT2 27 EQ test, Petrovac 5% aQmax 3.79/-3/83  7.56/-7.56  8.15/-8.82
28  Sweep test, 1-32 Hz 0.01g
29 Sweep test, 1-32 Hz 0.01g
30  EQ test, Landers 5% agmax 3.24/-2.78 6.27/-5.76  5.68/-5.2
31 EQ test, Petrovac 5% aQmax 3.24/-3.35 6.57/-6.65 5.97/-6.19
RCF1+ 32 Sweep test, 1-32 Hz 0.01g
GLS 33 Only RCF1: Sweep 0.01g
test,1-32 Hz '
34  Only RCF1: Ambient-

vibration test

/

Some of the comparative results of the dynamic shaking-table test are shown in Fig. 8, 9, 10, 11 and
12. Fig. 8 relates to the response of the basic two-story specimen RCF1, while Fig. 9 shows the
response of the three-story specimen RCF1+STL. It can be noticed that the amplitudes of the
displacements on the third story of the upgraded specimen RCF1 + STL are less than those on the
second story. This leads to the conclusion that higher modes become more significant in the dynamic
response when material like steel is used for upgrading a RC structure. This finding has been, also,
observed visually, during the test. Fig. 10 relates to the response of the three-story specimen
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RCF1+XLAMZ2. Unlike the previous case with the steel upgrade, it can be seen that, in the case of a
cross-laminated upgrade, the trend of displacements and acceleration amplitudes (with a gradual
increase of their values from the first to the third floor) shows that stiffness is continually distributed
along the whole height of the structure and consequently, the first mode shape of vibration becomes
predominant in the dynamic response of the integral system. The integral systems with light timber
frame LFT (Fig. 11) and glass GLS upgrade (Fig. 12) have shown similar behavior. The same
conclusions about the different integral systems can be observed in Tables 3 and 4, when comparing
max/min displacements and accelerations for the first, the second and the third floor.

Table 4. Obtained story absolute accelerations for relevant test series with basic specimen RCF1
Specimen Test Input 30 Teo0 - 4 T o 4 + AR

No. PGA @ (9) ©
1r 2% aQmax 0.059/-0.063 0.105/-0.102
RCF1 3 2% aQmax 0.074/-0.075 0.113/-0.104
4 30% aQmax 0.149/-0.119 0.180/-0128
7 3% agmax 0.032/-0.03 0.052/-0.049 0.062/-0.054
R§1'_:E+ 8 5% agmax 0.046/-0.053  0.079/-0.085  0.088/-0.093
9 5% aQmax 0.048/-0.055 0.091/-0.094 0.1/-0.093
RCF1 + 17 5% aQmax 0.051/-0.054 0.081/-0.079 0.09/-0.083
XLAM?2 18 5% aQmax 0.063/-0.053 0.091/-0.1 0.105/-0.1
RCF1 + 26 5% aQmax 0.045/-0.044  0.075/-0.083  0.095/-0.091
LFT2 27 5% aQmax 0.06/-0.058 0.106/-0.103  0.138/-0.108
RCF1+ 30 5% agmax 0.047/-0.053 0.079/-0.081 0.079/-0.082
GLS 31 5% agmax 0.051/-0.054 0.082/-0.088 0.084/-0.089

25 i ﬂ ‘ﬂ‘ ﬂ\ \

E—
B —

WA RAAALARAT TR AR
AL

Displacement [mm]
]
==
B
ey
= = am_|

!
u

Time [sec]

0.12

-l
!

-0.12

ABsolute accelerations [g]

Time [sec]

Figure 8. Experimentally obtained relative displacement and acceleration time histories for specimen RCF1: blue
line — 1 story, red line — 2" story (Test 03)
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Figure 9. Experimentally obtained relative displacement and acceleration time histories for specimen
RCF1+STL: blue line — 1% story, red line — 2" story, green line — 3" story (Test 08)
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Figure 10. Experimentally obtained relative displacement and acceleration time histories for specimen
RCF1+XLAM2: blue line — 1% story, red line — 2" story, green line — 3 story (Test 17)
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Figure 11. Experimentally obtained relative displacement and acceleration time histories for specimen
RCF1+LFT2: blue line — 1% story, red line — 2™ story, green line — 3" story (Test 26)
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Figure 12. Experimentally obtained relative displacement and acceleration time histories for specimen
RCF1+GLS: blue line — 1% story, red line — 2" story, green line — 3 story (Test 30)
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5. CONCLUSION

From this research, as observed from the tested specimens, it can be concluded that all upgrades
differently contribute to the overall dynamic response of the integral systems. The steel frame (STL)
upgrade has been shown to behave in a very flexible manner (particularly at the connections) because
of its smaller stiffness compared to the stiffness of the two-story RC structure. In this case, the
influence of higher modes has been shown to be significant. The light-frame timber upgrade (LFT)
showed a somewhat improved behavior compared to the steel frame, however, the most favorable
behavior due to compactness and properly distributed stiffness along the height has been observed in
the case of the X-Lam panel upgrade (XLAM).

The connections with the concrete slab had certainly an impact on the response mechanism in the case
of all types of upgrades that varied depending on whether they were strong or flexible. In future, a
more detailed elaboration of these conclusions supported by numerical verification will be presented.
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